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ABSTRACT OF DISSERTATION

TRANSVERSE AND LONGITUDINAL THERMAL DIFFUSIVITY
MEASUREMENTS OF POLYMER AND SMALL MOLECULE ORGANIC
SEMICONDUCTORS WITH DIFFERENT TECHNIQUES
The main thrust of this research was to develop new probes to measure thermal
conductivities (κ) of small-molecule crystals, as well as polymer blends of organic
semiconductors, both to screen these for possible applications, e.g. as thermoelectric power
generators, and to gain an understanding of thermal transport in them. Emphasis has been
on the crystals of “TIPS pentacene” [TIPS = 6,13 bis(triisopropylsilylethynyl), and freestanding films of PEDOT:PSS [poly(3,4-ethylenedioxythiophene) polystyrene sulfonate]
for different electrochemical and thermoelectric applications. Separate techniques were
used for in-plane and transverse thermal conductivities in which 𝜅𝜅 is determined indirectly
from measurements of the thermal diffusivity (D ≡ κ/ρc, where ρ is the density and c the
specific heat). For in-plane measurements, we used a position dependent ac-calorimetric
technique in which, long, thin samples are illuminated with light chopped at a low
frequency along part of their length, and the temperature oscillations on the opposite
surface measured with a thermocouple.
For the transverse, we have developed a simplified ac-photothermal apparatus for
measurement of the transverse thermal (i.e through-plane) diffusivity of small samples with
a typical area of 7 𝑚𝑚𝑚𝑚2 . Our technique is essentially the Fourier transform of the laser
flash method. The sample is heated on its front side with chopped light, and we measure
the frequency-dependence of thermal radiation from the sample by mounting it in front of
a mercury-cadmium-telluride (MCT) infrared detector inside the detector dewar. For
optically opaque samples, a simple analysis of the complex frequency dependence of the
detector signal gives the transverse diffusivity. For samples which are not opaque, the same
analysis, overlooking the finite optical absorption length, can lead to a very large
overestimate of the diffusivity. We have shown in this research how the technique can be
adapted and present a more complete analysis for less absorbing samples.
Since new electrically conducting and mechanically robust fibers and yarns are
needed as building blocks for emerging textile devices, we have measured the longitudinal
thermal conductivities of PEDOT:PSS fibers fabricated by a continuous wet-spinning
process. These fibers have high electrical conductivity, excellent mechanical properties,
and moderate thermoelectric performance by including a stage in which they are drawn
through dimethyl sulfoxide. Drawing the fibers induces preferential orientation of the

polymer chains in the fiber axis direction. A self-heating technique is used to conduct direct
measurements on the thermal conductivity of the fibers and the result indicates drawn fibers
have thermal conductivities several times larger than most films, consistent with better
alignment of the polymer strands and grains. For all samples, the measured total thermal
conductivity was about a factor of 20 larger than the electronic thermal conductivity
calculated from the Wiedemann−Franz law using the Sommerfeld value for 𝐿𝐿0 , which
could be indicating that the lattice contribution dominated despite the large electrical
conductivities observed. This result suggests that drawing the material not only aligns the
conducting grains but also improves conduction through the PSS matrix.
KEYWORDS: Organic semiconductors, Thermal conductivity, Thermal diffusivity, ac
calorimetry, crystal growth
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CHAPTER 1.
1.1

BACKGROUND AND THEORY

Introduction
Knowledge of the thermal conductivity (κ) of new materials is essential for their

application in future devices. For electronic or moving parts, for which electrical (“Joule”)
or frictional heat is generated in the sample, it is necessary that the thermal conductivity be
sufficiently high that the heat can be carried away before the device temperature becomes
too high. At the opposite extreme, for thermoelectric devices, low thermal conductivities
are desired so that large temperature gradients can be maintained. In the past decade, we
have seen major advances in materials with tailored thermal conductivity. Materials
engineering to control thermal conductivity owes its recent advancements to the
understanding of heat transport behavior in materials. We begin with an overview of the
classical theory of heat conduction in materials and next discuss characterization
techniques for measuring thermal conductivity.
1.2

Kinetic Theory
Thermal conduction in solids can be regarded as heat transport due to an assembly

of excitations which are mobile. Electrical carriers (electrons or holes), lattice waves
(phonon), exciton, spin waves, Langmuir waves, and many others can transfer heat. In
metals, the majority of the heat is carried by electrical carriers, while in semiconductors
and insulators the dominant heat transferers are phonons. Total thermal conductivity in a
solid can be considered as the sum of all the components 𝜅𝜅𝛼𝛼 representing excitation

denoted by 𝛼𝛼 [1]:

𝜅𝜅 = � 𝜅𝜅𝛼𝛼

(1. 1)

𝛼𝛼

According to Fourier’s law of thermal conduction, thermal conductivity is defined as,
�⃗ = −𝜅𝜅 �∇⃗𝑇𝑇
𝑄𝑄
1

(1. 2)

�⃗ is the local heat flux vector across a unit area perpendicular to 𝑄𝑄
�⃗ , and �∇⃗𝑇𝑇 is the
where 𝑄𝑄

local temperature gradient. Thermal conductivity like many nonequilibrium transport

parameters cannot be solved exactly. Calculations usually combine the Boltzman equation
and perturbation theory as the bases to explain the microscopic processes that govern heat

conduction by carriers and lattice waves, but here we take the advantage of the simple
kinetic theory of conduction in gases, to obtain an approximation for the thermal
conductivity. Let us consider an oversimplified one-dimensional model, in which the
temperature drop is uniform in the positive x-direction. In the steady-state, the heat flow
will also be in the positive direction. Assuming that locally the system is in equilibrium,
particles after each collision emerge with a speed appropriate to the local temperature; the
particle becomes more energic in the hotter place of collision. Therefore, particles arriving
at a point 𝑥𝑥 from the high-temperature region have more energy than those arriving from

the low-temperature side, creating a net flow of thermal energy toward the low-temperature
side. Suppose 𝜆𝜆 = 𝑣𝑣𝑣𝑣 is the mean free path a particle travels before being scattered, where
𝜏𝜏 is the relaxation time, and 𝑣𝑣 is the average speed. If 𝜀𝜀(𝑇𝑇) is the thermal energy of each

particle in equilibrium at temperature 𝑇𝑇, then the particles arriving at point 𝑥𝑥 from the hightemperature side will have the average thermal energy of 𝜀𝜀(𝑇𝑇(𝑥𝑥 − 𝑣𝑣𝑣𝑣)) since their last
collision was at 𝑥𝑥 − 𝑣𝑣𝑣𝑣. Similarly, those arriving at 𝑥𝑥 from the low-temperature will carry
the thermal energy of 𝜀𝜀(𝑇𝑇(𝑥𝑥 + 𝑣𝑣𝑣𝑣)) on the average. If we assume that half of the particles

are arriving at 𝑥𝑥 from the high-temperature side and the other half from the low-

temperature, then their contribution in heat flux at point 𝑥𝑥 will be [2]
1
𝑄𝑄𝑥𝑥 = 𝑛𝑛𝑛𝑛[𝜀𝜀(𝑇𝑇[𝑥𝑥 − 𝑣𝑣𝑣𝑣] − 𝜀𝜀(𝑇𝑇[𝑥𝑥 + 𝑣𝑣𝑣𝑣])]
2

(1. 3)

where 𝑛𝑛 is the particle density. 𝜀𝜀 in Eq (1.2) can be expanded about the point 𝑥𝑥, given that
the temperature change over a mean free path is very small.

𝑄𝑄𝑥𝑥 = 𝑛𝑛𝑣𝑣 2 𝜏𝜏

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
(− )
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
2

(1. 4)

The term 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 in Eq (1.3) can be replaced by 𝑐𝑐 which is defined as the heat capacity per
particle. Eq (1.3) can be generalized to a three-dimensional case by substituting 𝑣𝑣 for 𝑣𝑣𝑥𝑥2
1

and averaging over all directions. Using 〈𝑣𝑣𝑥𝑥2 〉 = 〈𝑣𝑣𝑦𝑦2 〉 = 〈𝑣𝑣𝑧𝑧2 〉 = 3 𝑣𝑣 2 we have
�⃗ = −𝑛𝑛𝑛𝑛𝜏𝜏 〈𝑣𝑣⃗. 𝑣𝑣⃗〉 �∇⃗𝑇𝑇 = −
𝑄𝑄
Combining Eq (1.4) and (1.1), yields
𝜅𝜅 =

1
𝑛𝑛𝑛𝑛𝑛𝑛𝑣𝑣 2 �∇⃗𝑇𝑇
3

(1. 5)

1
𝐶𝐶𝐶𝐶𝐶𝐶
3

(1. 6)

1
𝐶𝐶 𝑣𝑣 𝜆𝜆
3 𝛼𝛼 𝛼𝛼 𝛼𝛼

(1. 7)

where 𝐶𝐶 = 𝑛𝑛𝑛𝑛 is the total volume heat capacity. In solids, the same derivation can be made
for various excitations.

𝜅𝜅𝛼𝛼 =

where 𝐶𝐶𝛼𝛼 is the contribution per unit volume of the excitation 𝛼𝛼 to the total volume heat

capacity, 𝑣𝑣𝛼𝛼 and 𝜆𝜆𝛼𝛼 are the average velocity and mean free path of the excitation 𝛼𝛼,

respectively. Combining Eq (1.7) and (1.1) obtains,

𝜅𝜅 =

1
� 𝐶𝐶𝛼𝛼 𝑣𝑣𝛼𝛼 𝜆𝜆𝛼𝛼
3
𝛼𝛼

(1. 8)

Although Eq (1.8) is an approximation of the thermal conductivity, it is practically helpful
for the order of magnitude estimates.
In semiconductors, the total thermal conductivity is mostly composed of the
electronic (𝜅𝜅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ) and lattice (𝜅𝜅𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 ) contributions.
𝜅𝜅 = 𝜅𝜅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝜅𝜅𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

(1.9)

For some materials, the electronic component of the thermal conductivity is significant and
must be taken into account. The electronic contribution plays an even more important role
when the semiconductor contains both positive and negative charge carriers that can give
3

rise to a large bipolar heat conduction effect. Typically, 𝜅𝜅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 for the semiconductors
with only one type of charge carrier approximately satisfies the Wiedemann Franz law,
𝜅𝜅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐿𝐿0 𝜎𝜎𝜎𝜎

(1.10)

where the Lorenz number 𝐿𝐿0 = 2.45 × 10−8 (𝑉𝑉/𝐾𝐾)2, 𝜎𝜎 is the electrical conductivity, and

T is the temperature. Eq. (1.10) generally holds near room temperature but fails at low
temperatures due to inelastic scattering of the charge carriers [1]. Conversely, certain

semiconductors (most polymers) have rather low electrical conductivity, therefore thermal
conduction is essentially due solely to phonons propagation, 𝜅𝜅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 < 𝜅𝜅𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 .

Normally phonon dispersion curves for solids consists of two types of branches; acoustic

and optical branches. Acoustic phonons are the low- frequency coherent movements of the
atoms in a unit cell, whereas the high-frequency optical phonons represent the out-of-phase
movements of atoms in a unit cell. Normally optical phonons do not have sufficient group
velocity to propagate and effectively transport heat energy, but their interaction with the
main heat conductors, acoustic phonons, affect the thermal conduction.
All that being said, it is useful to have an estimate for the thermal conductivity of
organic semiconductors which will be our main focus during this dissertation. Using Eq.
(1.8) and the fact that 𝜅𝜅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is negligible in Eq. (1.9)
𝜅𝜅 =

1
〈𝑣𝑣
〉 〈𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 〉
𝐶𝐶
3 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

(1. 11)

Near room temperature 𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ≈ 3𝑅𝑅𝑅𝑅/𝑀𝑀, where 𝜌𝜌 is the density, 𝑅𝑅 the gas constant,
and 𝑀𝑀 the molecular weight. 〈𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 〉 is the average speed of sound, 𝑣𝑣, which is

typically ~2 𝑘𝑘𝑘𝑘/𝑠𝑠 for most organic materials. The minimum mean free path of an acoustic

phonon is on the order of one lattice constant (one monomer unit for polymer), 𝑎𝑎, so the
minimum thermal conductivity is

𝜅𝜅𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ≈ 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌/𝑀𝑀
4

(1. 12)

1.3

Measurements techniques
The room temperature thermal conductivity of solids extends over a broad range,

with aerogel (~0.017 W/m.K) [3] at the low end to diamond (~2000 W/m.K) and singlelayer graphene (~3000 W/m.K) at the high end. Many methods exist for the
characterization of thermal conductivity of either bulk materials or thin films, each of them
appropriate for a limited range of materials or more suitable for specific sample geometry
or temperature. In general, the methods can be classified into steady-state methods and
transient methods. In steady-state methods, determination of the thermal conductivity is
done by establishing a temperature gradient across the sample that does not change with
time. On the other hand, transient techniques monitor the time-dependent energy
dissipation in a sample. The difficulties with steady-state techniques are that the test time
may be long, since they require the steady-state to be reached, and thermal contact issues
and heat loss due to thermal radiation, as well as convection current or conduction through
any lead wires, must be taken into account [1]. In contrast, transient methods benefit from
the rapid nature of the testing. For example, steady-state measurements are generally
conducted in minutes or hours, while transient measurements can be carried out in seconds.
For new materials, for which large bulk samples are often not available,
determination of the thermal conductivity by conventional steady-state techniques, is
generally not possible because the heat loss due to radiation effects between the sample
and surrounding can be substantial. Although for relatively large samples (short and fat),
radiation effects are typically negligible below 200 K, they become a serious problem for
small and thin samples for temperatures above 𝑇𝑇 ≈ 150 K [1]. Thermal resistance of leads,
and heaters, as well as interface resistance between the sample and heater and heat sinks,
can lead to other substantial heat loss mechanism. Typical thermal contact resistances

(𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ) are in the range ~10−3 𝑡𝑡𝑡𝑡 10−4 𝑚𝑚2 𝐾𝐾𝑊𝑊 −1 if no special care is taken and might

be reduced to ~ 10−5 𝑚𝑚2 𝐾𝐾 𝑊𝑊 −1 [5]. 𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 should be much less than the ratio of sample
thickness to the thermal conductivity for accurate measurements but the aforementioned

condition is not met for thin, conductive samples. Since the 1950s, extensive efforts have
been made to overcome the drawbacks associated with the steady-state methods; a variety
of dynamic techniques have been established in which the heat sources are provided either

5

periodically (ac technique) or as a pulse to reduce the effects of heat loss by radiation and
through the metal heater.
Sullivan and Seidel [6] originally developed ac calorimetry in 1968. Although this
was developed by them for specific heat measurements, it can also be utilized for the
measurements of the thermal conductivity. The most significant advantage of the ac (or
frequency domain) methods is to allow the use of signal averaging techniques. The signal
to noise ratio is enhanced since the desired signal which is at a particular frequency can be
extracted from broad-band noise. Additionally, by choosing a suitable heating frequency,
the problem of heat loss to the surrounding can be sidestepped. Time-domain methods
typically use pulse heating, and their thermally induced signals contain more information
since a heat pulse includes many frequency components. However, time-domain signals
have larger noise compared to frequency domain signals measured by a lock-in amplifier
[1].
Dynamic techniques can also be categorized based on the methods of heating and
temperature sensing; electrically based, optically based and a combination of electrical and
optical. Electrical heating and sensing methods allow one to directly measure thermal
conductivity due to the precise determination of input power and temperature rise.
Nevertheless, a disadvantage of these techniques is the necessity in sample preparation to
attach the heater to the specimen. Alternatively, optically based methods usually involve
minimal sample preparation, however, since the exact determination of input power and
temperature change is difficult, thermal diffusivity, D ≡ κ/cρ, where c is the specific heat
and ρ the mass density (both of which can be determined independently) are commonly
measured [7]. Table (1.1) represents some example methods for each category and
specifies the type of samples each of these techniques is best for.

6

Table 1. 1 Commonly used thermal characterization techniques. 3ω technique, TDTR,
and FDTR can also be applied for thermal characterization of bulk materials, however, they
are commonly used for thin films [4].
Bulk material
Electrical
heating/sensing

Thin film

Pulsed power technique 3𝜔𝜔 technique
Hot-wire method

Time-domain
Optical

AC-photothermal

heating/sensing

technique

thermoreflectance (TDTR)
Laser flash technique
Frequency-domain
thermoreflectance (FDTR)

Combined
electrical & optical

AC calorimetry

The structure of this dissertation is designed so that Chapters 2 to 4 are dedicated
to three different methods to measure thermal diffusivity/conductivity. Presented in chapter
2 is a new technique we have developed to measure transverse thermal diffusivity and
Chapters 3 and 4 consists of techniques we employed for measurements of the longitudinal
thermal diffusivity/conductivity. Each chapter begins with a comprehensive analysis of the
technique and followed by the corresponding experimental results. We primarily worked
on the thermal measurements of some organic semiconductors, and their characteristics
and applications are discussed in Chapter 5. The last chapter is devoted to crystal growth
and we presented some of our results in growing single crystals of the organic
semiconductor TIPS-pentacene.
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CHAPTER 2.

AC-PHOTOTHERMAL TECHNIQUE TO MEASURE
TRANSVERSE THERMAL DIFFUSIVITY

This chapter is devoted to an ac-photothermal technique which we have developed
to measure transverse thermal diffusivity. A comprehensive analysis of the technique for
opaque and non-opaque materials is presented, which is followed by their corresponding
experimental results.
2.1

Approximate solution to the thermal diffusion equation (TDE)
One dimensional thermal diffusion equation in a solid can be written as:

with 𝑞𝑞𝑣𝑣̇ =

∂2 T 1 ∂T 1
=
− q̇
∂x 2 D ∂t κ v

(2. 1)

𝑃𝑃𝑖𝑖𝑖𝑖 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

where 𝑇𝑇

is the temperature of the sample as a function of position and time. Eq. (2.1) assumes no
mass transfer or self-heating through internal radiation. When heat is periodically applied
to the sample, the frequency (𝜔𝜔) dependence of the oscillating temperature depends on the
external (𝜏𝜏1 ) and internal (𝜏𝜏2 ) thermal time constants of the sample. 𝜏𝜏1 = 𝐶𝐶/𝐾𝐾, where C is

the sample heat capacity and K is the heat conductance out of the sample (i.e., by radiation
and in our technique, through the glue holding the sample on a sample holder), and for all
our samples, 𝜏𝜏1 > 1𝑠𝑠. Our measurements determine 𝜏𝜏2 , the time for heat to propagate

through the sample, 𝜏𝜏2 ≡ 𝑑𝑑 2 /(𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 √90) where 𝑑𝑑 is the sample thickness and the

transverse thermal diffusivity 𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ≡ 𝜅𝜅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 /𝑐𝑐𝑐𝑐, where c is the specific heat and 𝜌𝜌 the
density [6]. Under the condition that 𝜔𝜔𝜏𝜏1 ≫ 1 and that the thermal wavelength is larger

with respect to the sample thickness d ( 𝑑𝑑 ≪ 𝑙𝑙0 = �2𝐷𝐷/𝜔𝜔 ), the magnitude of the
oscillating temperature at the back of the sample becomes approximately [6]
−

𝑃𝑃𝑖𝑖𝑖𝑖
1
|𝑇𝑇𝑎𝑎𝑎𝑎 | ≈
�1 + 2 2 + 𝜔𝜔2 𝜏𝜏22 �
2𝜔𝜔𝜔𝜔
𝜔𝜔 𝜏𝜏1
8

1
2

(2. 2)

as shown in Figure (2.1).

Figure 2. 1 Normalized frequency dependence of the magnitude of the oscillating
temperature on the back surface of the sample.

In the limit that 1/𝜏𝜏1 ≪ 𝜔𝜔 ≪ 1/𝜏𝜏2 (on the plateau), measurement of |𝑇𝑇𝑎𝑎𝑎𝑎 | is used

in the ac- calorimetry technique to determine the sample heat capacity. On the other hand,
if the chopping frequency 𝜔𝜔 = 2𝜋𝜋𝜋𝜋 ≫ 1/𝜏𝜏1, the frequency dependence of the oscillating

temperature can be used to determine 𝜏𝜏2 and therefore transverse thermal diffusivity of the
sample. We recently reported a simplified photothermal technique [8] derived from Ref.
[9], in which the frequency dependence of the thermal radiation, when the incident light is
chopped at a variable frequency, is measured.
2.2

Exact solution to TDE
The thermal diffusion equation Eq. (2.1) can be solved precisely to obtain the

complex oscillating temperature on the back of the sample [6,9].
𝑇𝑇𝑎𝑎𝑎𝑎 (𝑓𝑓) =

where 𝜒𝜒 is defined as

𝑃𝑃𝑖𝑖𝑖𝑖 𝜒𝜒 (1 + 𝑖𝑖)
2
{𝜋𝜋 𝐶𝐶𝐶𝐶[sinh 𝜒𝜒 cos 𝜒𝜒 + 𝑖𝑖 cosh 𝜒𝜒 sin 𝜒𝜒
9

]}

(2. 3)

𝜒𝜒 ≡ �√90 𝜋𝜋𝜋𝜋𝜏𝜏2 = 𝑑𝑑�

𝜋𝜋𝜋𝜋

𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

(2. 4)

There are three assumptions made in deriving Eq. (2.3): (i) the absorption length
for the incident light is much less than the sample thickness, so that essentially all the
heating is at the front surface of the sample; (ii) the average absorption length for thermal
radiation is also much less than 𝑑𝑑, so that all the thermal radiation hitting the detector is
from the back surface of the sample; and (iii) heat flow through the sample is “one-

dimensional,” i.e., the sample is heated uniformly and 𝑑𝑑 ≪ the lateral dimensions of the
sample [6] (although larger values of d will mostly decrease 𝜏𝜏1 as heat can escape the sides

of the sample). If the assumptions (i) and (ii) are no longer met, the complex oscillating

temperature on the back of the sample depends on the absorption coefficient for the
incident light and is given by the following equation [9].
𝑇𝑇𝑎𝑎𝑎𝑎 (𝑓𝑓) = 𝑃𝑃𝑖𝑖𝑖𝑖

�

2.3

𝛼𝛼 2 𝑑𝑑3
×
2𝜅𝜅 (1 + 𝑖𝑖)𝜒𝜒 (2𝑖𝑖 𝜒𝜒 2 − (𝛼𝛼𝛼𝛼)2 )

2(1 + 𝑖𝑖)𝜒𝜒
𝑆𝑆𝑆𝑆𝑆𝑆ℎ�(1 + 𝑖𝑖)𝜒𝜒�� − 2
𝑑𝑑2
�
2 𝑆𝑆𝑆𝑆𝑆𝑆ℎ�(1 + 𝑖𝑖)𝜒𝜒�

𝑒𝑒 −𝛼𝛼𝛼𝛼 �2 𝐶𝐶𝐶𝐶𝐶𝐶ℎ �(1 + 𝑖𝑖)𝜒𝜒� +

(2. 5)

Experimental technique

2.3.1 Setup
Figure (2.2) shows a schematic of the apparatus [10]. The sample is glued to an
aperture which is placed inside the dewar of a liquid nitrogen-cooled mercury-cadmiumtelluride (MCT) photoconductive detector (with net sensitivity ∼ 0.4 𝑉𝑉/𝜇𝜇𝜇𝜇), less than

1 𝑐𝑐𝑐𝑐 away from the detector. For a light source, we used either a mechanically chopped

(𝑓𝑓 = 0.5 𝐻𝐻𝐻𝐻– 2 𝑘𝑘𝑘𝑘𝑘𝑘) quartz-halogen bulb, whose light was fed to the window of the

dewar through a convex lens or a 447 𝑛𝑛𝑛𝑛, 1𝑊𝑊 diode laser, whose light could either be
mechanically or electronically (maximum 𝑓𝑓 = 500 𝐻𝐻𝐻𝐻) chopped; when using the laser, a
ground glass diffusing plate is placed in front of the sample. Silvered glass tubes are placed
10

between the filter and detector and between the window and sample to maximize the
detected and incident light intensities. The oscillating detector signal at the chopping
frequency is measured with a 2-phase lock-in amplifier and normalized to the frequency
dependence of the detector preamplifier. Our setup has a simplifying advantage over those
of other reported ac-photothermal setups [9, 11] in that the sample is in the same vacuum
as the detector, eliminating the need for focusing mirrors and a window between the sample
and detector. (Fuente et al, in Ref. 9, for example, measured the ratio of signals when
different surfaces of the sample were illuminated, making these optics necessary.)

Sample

Light source
(Quartz halogen lamp)
MCT

Dewar
Chopper

Long wave pass Filter
Convex Lens

Figure 2. 2 (Left) Schematic (not to scale) of the apparatus. [V: liquid nitrogen dewar
vacuum; W: glass window; S: sample; L: 10 𝜇𝜇𝜇𝜇 longwave-pass filter; M: MCT detector.]
(Right) System set-up.
2.3.2 Analysis of the technique for opaque samples
If the sample is opaque to both the incident and thermal radiation, so that light is
absorbed wholly on the front surface and the emitted light comes only from the back
surface, the expected complex signal Vac measured with the lock-in amplifier is
proportional to the oscillation temperature (Eq. (2.3)) and is given by

𝑓𝑓 𝑉𝑉𝑎𝑎𝑎𝑎 = 𝑓𝑓(𝑉𝑉𝑋𝑋 + 𝑉𝑉𝑌𝑌 ) = −𝐴𝐴

𝜒𝜒
Ψ

Ψ = (1 + 𝑖𝑖)[𝑆𝑆𝑆𝑆𝑆𝑆ℎ 𝜒𝜒 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑖𝑖 (𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝜒𝜒 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆)],
11

(2. 6 a)
(2.6 b)

𝜒𝜒 = 𝑑𝑑�

𝜋𝜋𝜋𝜋

𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

1

𝑓𝑓 2
≡ �4.743 �
𝑓𝑓2

(2.6 c)

𝑓𝑓𝑉𝑉𝑋𝑋 ≡ 𝐼𝐼𝐼𝐼 − 𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(2. 7)

𝑓𝑓𝑉𝑉𝑌𝑌 ≡ 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(2. 8)

= 𝑓𝑓𝑉𝑉𝑎𝑎𝑎𝑎 (𝑓𝑓) 𝐶𝐶𝐶𝐶𝐶𝐶(𝜃𝜃 + 𝜃𝜃0 ) =

= 𝑓𝑓𝑉𝑉𝑎𝑎𝑎𝑎 (𝑓𝑓) 𝑆𝑆𝑆𝑆𝑆𝑆(𝜃𝜃 + 𝜃𝜃0 ) =

𝐴𝐴𝐴𝐴(𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝜒𝜒 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 𝑆𝑆𝑆𝑆𝑆𝑆ℎ𝜒𝜒 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)
(𝑆𝑆𝑆𝑆𝑆𝑆ℎ2 𝜒𝜒 𝐶𝐶𝐶𝐶𝑠𝑠 2 𝜒𝜒 + 𝐶𝐶𝐶𝐶𝐶𝐶ℎ2 𝜒𝜒 𝑆𝑆𝑆𝑆𝑛𝑛2 𝜒𝜒)

𝐴𝐴𝐴𝐴(𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝜒𝜒 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 𝑆𝑆𝑆𝑆𝑆𝑆ℎ𝜒𝜒 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)
(𝑆𝑆𝑆𝑆𝑆𝑆ℎ2 𝜒𝜒 𝐶𝐶𝐶𝐶𝑠𝑠 2 𝜒𝜒 + 𝐶𝐶𝐶𝐶𝐶𝐶ℎ2 𝜒𝜒 𝑆𝑆𝑆𝑆𝑛𝑛2 𝜒𝜒)

Here, 𝜃𝜃 is the measured phase of the signal with respect to the leaked incident light

signal, whose phase is determined as described below. Fitting parameters are 𝜃𝜃0 , the error

in setting the leaked light signal phase (usually a few degrees), amplitude A, and the
characteristic frequency 𝑓𝑓2 ≡ 1/2𝜋𝜋𝜏𝜏2 = 1.5098 𝐷𝐷/𝑑𝑑 2 , from which we determine the
transverse diffusivity. The magnitude A is proportional to the absorbed light intensity and
inversely proportional to the sample’s heat capacity; the negative sign in Eq. (2.6 a) reflects

the fact that we set the lock-in so that the phase of the incident light = 180°. This choice of
phase conveniently makes the in-phase (𝑉𝑉𝑋𝑋 ) and quadrature (𝑉𝑉𝑌𝑌 ) signals positive at the

lowest measured frequencies, as shown in Figure (2.3), in which the in-phase and
quadrature signals (times 𝑓𝑓) are plotted as functions of 𝑓𝑓/𝑓𝑓2 .
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Figure 2. 3 Theoretical frequency dependence of the quadrature and in-phase thermal
emission signals from an opaque sample.

The assumption made in deriving Eq. (2.6 a) is that the chopping frequency 𝑓𝑓 ≫

𝑓𝑓1 = 1/2𝜋𝜋𝜏𝜏1, with 𝜏𝜏1 typically greater than 1s for our samples. |𝑉𝑉𝑎𝑎𝑎𝑎 | ∝ 1/𝑓𝑓 for 𝑓𝑓1 ≪ 𝑓𝑓 ≪

𝑓𝑓2 and goes to zero more quickly as 𝑓𝑓 exceeds 𝑓𝑓2 . (A typical indication of non-one-

dimensional heat flow due to finite thickness would be a reduction in 𝑓𝑓𝑉𝑉𝑌𝑌 at low
frequencies [12], while an indication of small 𝜏𝜏1 would be a low-frequency reduction in
𝑓𝑓𝑉𝑉𝑋𝑋 . [6]). If 𝑓𝑓2 is sufficiently below 𝑓𝑓, the detector signal at this frequency will be mostly
due to the leaked light, and we set the lock-in amplifier phase here.
2.3.3 Analysis of the technique for non-opaque samples
If the absorption length for incoming light (1/α) is not much smaller than the sample
thickness, then incident light will also heat the center of the sample, speeding up the
thermal response on the back surface. Similarly, if the absorption length of thermal
radiation (1/β) is not much less than d, radiation from the interior can reach the detector,
so heat does not need to diffuse through the whole thickness to contribute to the signal.
Consequently, the signal recorded by the detector must be generalized [9]:
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𝑑𝑑

𝑓𝑓𝑉𝑉𝑎𝑎𝑎𝑎 = −𝐴𝐴 � 𝑑𝑑𝑑𝑑 𝛽𝛽
0

𝑒𝑒 −𝛼𝛼𝛼𝛼 𝜒𝜒 𝜗𝜗(𝑧𝑧)
+ Ψ �
𝛼𝛼𝛼𝛼
𝜒𝜒 2
�1 − 2𝑖𝑖 � � �
𝛼𝛼𝛼𝛼

𝑒𝑒 −𝛽𝛽(𝑑𝑑−𝑧𝑧) 𝜒𝜒 �−

(2. 9)

𝜗𝜗(𝑧𝑧) ≡ {[𝑐𝑐𝑐𝑐𝑐𝑐ℎ 𝜒𝜒𝑑𝑑𝑑𝑑 cos 𝜒𝜒𝑑𝑑𝑑𝑑 + 𝑖𝑖 sinh 𝜒𝜒𝑑𝑑𝑑𝑑 sin 𝜒𝜒𝑑𝑑𝑑𝑑 ]
− 𝑒𝑒 −𝛼𝛼𝛼𝛼 [cosh 𝜒𝜒𝑧𝑧 cos 𝜒𝜒𝑧𝑧 + 𝑖𝑖 sinh 𝜒𝜒𝑧𝑧 sin 𝜒𝜒𝑧𝑧 ]},
where 𝜒𝜒𝑧𝑧 ≡ (𝑧𝑧/𝑑𝑑)𝜒𝜒 and 𝜒𝜒𝑑𝑑𝑑𝑑 ≡ 𝜒𝜒 − 𝜒𝜒𝑧𝑧 . (Eq. (2.9) neglects the effects of internal

reflections in the sample and the effect of thermal radiation in changing the sample
temperature, which will be negligible for thin samples). The integral can be evaluated

explicitly, and the resulting expression is unchanged if α and β are exchanged (See
Appendix). The calculated in-phase and quadrature responses for a few choices of αd and
βd are shown in Figure (2.4) (with α= β =∞ result of Eq. (2.6 a) also shown for comparison).
Note that the fitted value of 𝑓𝑓2 , e.g., corresponding to the peak in 𝑓𝑓𝑉𝑉𝑋𝑋 and the step in 𝑓𝑓𝑉𝑉𝑌𝑌 ,

is not very sensitive to the values of α and β, varying only by ∼25% between large and
small values of the absorption coefficients. Most importantly, for small αd and/or βd, 𝑓𝑓𝑉𝑉𝑌𝑌

does not go to zero for frequencies above 𝑓𝑓2 , but there is a shelf in the quadrature response
extending to high frequencies.
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Figure 2. 4 Theoretical frequency dependences of the in-phase (fVX ) and quadrature (fVY )
thermal emission signals from a sample for different choices of absorption coefficients α
and β, calculated from Eq. (2.9). Each curve is normalized to the quadrature signal at low
frequency.

If either α or β is infinite (in practice, larger than 10/𝑑𝑑), Eq. (2.9) can be simplified to :
𝑓𝑓𝑉𝑉𝑎𝑎𝑎𝑎 = 𝑓𝑓(𝑉𝑉𝑋𝑋 + 𝑖𝑖𝑉𝑉𝑌𝑌 ) = −

𝐵𝐵𝑋𝑋 =
𝐵𝐵𝑌𝑌 =

�− �1 + 2 �

𝐴𝐴𝐴𝐴[(𝐵𝐵𝑋𝑋 + 𝐶𝐶𝑋𝑋 + 𝐷𝐷𝑋𝑋 ) + 𝑖𝑖 (𝐵𝐵𝑌𝑌 + 𝐶𝐶𝑌𝑌 + 𝐷𝐷𝑌𝑌 )]
𝜒𝜒 4
�1 + 4 � � �
𝛾𝛾𝛾𝛾

𝜒𝜒 2
𝜒𝜒 2
� � sinh 𝜒𝜒 cos 𝜒𝜒 + �1 − 2 � � � cosh 𝜒𝜒 sin 𝜒𝜒�
𝛾𝛾𝛾𝛾
𝛾𝛾𝛾𝛾
|Ψ|2

𝜒𝜒 2
𝜒𝜒 2
� � sinh 𝜒𝜒 cos 𝜒𝜒 + �1 + 2 � � � cosh 𝜒𝜒 sin 𝜒𝜒�
𝛾𝛾𝛾𝛾
𝛾𝛾𝛾𝛾
2
|Ψ|

��1 − 2 �
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(2.10 a)

(2.10 b)

(2.10 c)

𝐶𝐶𝑋𝑋 =
𝐶𝐶𝑌𝑌 = −

exp(−𝛾𝛾𝛾𝛾) ��1 + 2 �

𝜒𝜒 2
𝜒𝜒 2
� � cosh 𝜒𝜒 sinh 𝜒𝜒 − �1 − 2 � � � sin 𝜒𝜒 cos 𝜒𝜒�
𝛾𝛾𝛾𝛾
𝛾𝛾𝛾𝛾
(2.10 d)
|Ψ|2

𝜒𝜒 2
𝜒𝜒 2
� � cosh 𝜒𝜒 sinh 𝜒𝜒 + �1 + 2 � � � sin 𝜒𝜒 cos 𝜒𝜒�
𝛾𝛾𝛾𝛾
𝛾𝛾𝛾𝛾
(2.10 e)
2
|Ψ|

exp(−𝛾𝛾𝛾𝛾) ��1 − 2 �

𝜒𝜒
𝜒𝜒 3
𝐷𝐷𝑋𝑋 = � � exp(−𝛾𝛾𝛾𝛾), 𝐷𝐷𝑌𝑌 = 2 � � exp(−𝛾𝛾𝛾𝛾)
𝛾𝛾𝛾𝛾
𝛾𝛾𝛾𝛾

(2.10 f)

Here, 𝛾𝛾 is whichever of α or β is finite. Also, if both α and β are finite, one can

approximately replace them, for frequencies within a few times 𝑓𝑓2 , with a single effective

γ, and use Eq. (2.10 a).
2.4

Experimenting with different optics in the setup

2.4.1 Longwave pass filter
Although Figure (2.3) shows the theoretical quadrature and in-phase signals for
opaque materials, in a real experiment, some incident light can leak through or around the
sample, giving a negative(with our sign convention) contribution to the in-phase signal
which is independent of frequency. Therefore, to attenuate the leaked incident light signal,
a 10 𝜇𝜇𝜇𝜇 long-wave pass filter (LFP) is placed between the sample and detector. (Although
the MCT responsivity peaks for mid-infrared wavelengths, it does have a finite response
for near IR and even visible wavelengths.). In Ref. [8], we reported on the measurements

of opaque films of NFC:PEDOT (cellulose nanofibrils coated with PEDOT:PSS, see
Section (5.1) for more information about PEDOT:PSS), measured with the quartz-halogen
light source. For those measurements, we did not yet have the long-wave pass filter; since
any incident light which leaks through or around the samples adds a term proportional to
frequency to 𝑓𝑓𝑉𝑉𝑋𝑋 , we only reported on the quadrature signal. Figure (2.5) shows the

measured frequency dependence of both the in-phase and quadrature signals from one of

these samples with 𝑑𝑑 = 62 𝜇𝜇𝜇𝜇 and area < 10 𝑚𝑚𝑚𝑚2 , with fits to Eq. (2.6) with a negative
“leaked light” signal added to the in-phase component. The fit has four parameters, the
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magnitude of the thermal signal, the magnitude of the leaked light, 𝑓𝑓2 , and a small phase

error (typically a few degrees) in setting the phase of the lock-in, since the phase shift
depends on the alignment of the optical system. Also shown are results on a second sample,
of the same thickness, measured with the long-wave pass filter in-place and zero leaked-

light assumed in the fit. The effect of using LPF on the in-phase signal is shown in the
comparison of the two samples. The values of 𝑓𝑓2 (119 𝐻𝐻𝐻𝐻) for both samples are equal
within their uncertainties (2%) and correspond to a diffusivity value 𝐷𝐷 = 0.30 𝑚𝑚𝑚𝑚2 /𝑠𝑠.

Figure 2. 5 Results of the frequency times in-phase 𝑓𝑓𝑉𝑉𝑋𝑋 and quadrature 𝑓𝑓𝑉𝑉𝑌𝑌 signals for
two 62 μm thick samples of NFC:PEDOT, both with and without a long-wave pass filter
are shown. The data have been normalized to the quadrature signal at low-frequency. Solid
curves show fits of the data to Eq. (2.6). The dashed curve is the fit to Eq. (2.6) with a
negative leaked light signal added to the in-phase component.
2.4.2 Short wave pass filter
The analysis presented in Section 2.3.3 for non-opaque materials assumes that the
incident light is monochromatic therefore; only one 𝛼𝛼 appears in the Eq. (2.9). However,

if the light source is a quartz halogen lamp then the incident light has a spectrum with a
distribution of 𝛼𝛼s for the sample and cannot be used for the non-opaque materials such as
TIPS-pentacene (For more details about this material see Section (5.2)). Although TIPS-

pentacene is transparent in near-infrared (𝛼𝛼𝛼𝛼≪1), it is almost opaque in the visible region.
17

Therefore, we investigated the effect of blocking the infrared part of the white light on the
measurements of a TIPS-pn sample. A short wave pass filter (SPF) is used in order to keep
only the visible part and to eliminate the problem of distribution of finite 𝛼𝛼𝛼𝛼. The results
are shown in Figure (2.6). In the case of using a quartz halogen lamp without the short
wave pass filter, the data is not consistent with the expected frequency-dependent curves

for the quadrature and in-phase signals due to having a broad distribution of 𝛼𝛼s. On the
other hand, the data taken with the short wave pass filter is more similar to those were taken

using monochromatic light sources, e.g., blue or red laser. Notice that the in-phase signal

can be different at high frequencies due to the different amount of leaked incident light.
For instance, the in-phase is dominated by leaked light signal when using white light but
no SPF, as shown in the inset of the Figure (2.6 b). Since our light source is a 200W quartz
halogen lamp which peaks at about 6000 wavenumbers (𝑐𝑐𝑚𝑚−1) in the infrared region, the

main problem related to use of the short wave pass filter is significant loss of incident
power, reducing the thermal signal to levels comparable to the noise at high frequencies

(> 80 𝐻𝐻𝐻𝐻).

Figure 2. 6 The effect of the incident light with different spectrum on the quadrature (a)
and in-phase (b) thermal emission signals of a 150 𝜇𝜇𝜇𝜇 thick sample of TIPS-pn. The inphase signal in the case of using white light without SPF (yellow) is shown in the inset (b).
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2.4.3 Glass light pipe
A short “light-pipe” (internally silvered glass tube) can be placed between the
longwave pass filter and detector, to better channel the thermal radiation to the detector.
Figure (2.7) compares measurements on a sample with and without a light-pipe. Use of
the light-pipe increased the thermal signal by a factor of 4, bringing it out of the detector
noise, while only increasing the leaked light signal by 20%. Without the light pipe, the
thermal signal was ~8% of the leaked light signal at 20 𝐻𝐻𝐻𝐻.

Figure 2. 7 Comparison of thermal signals measured on a sample with and without use of
a light pipe between the long-wave pass filter and detector. The curves show fits to the
data.
2.4.4 Beam expander and diffuser
All of our measurements on semi-opaque materials were conducted using a 1.1 W
blue diode laser. The laser light spot has two main problems which both result in the nonuniform illumination of the sample; Ι ) Small dimensions of the laser spot ( 5𝑚𝑚𝑚𝑚 ×

2.5 𝑚𝑚𝑚𝑚, shown in Figure (2.8a)) is generally not suitable for entire illumination of the
most of our samples. ΙΙ) Occurrence of dark vertical stripes in the light spot. The size of

the light spot can be enlarged using a beam expander with times five magnification, Figure
(2.8b). However the dark stripes still exist in the magnified light spot. Therefore in order

to remove the stripes, a 1mm aperture is used in front of the laser. Figure (2.8c) shows the
light spot right after going through the 1mm aperture, and the final result after leaving the
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× 5 beam expander is shown in Figure (2.8d). A more uniform light spot, larger in

diameter, but less intense can be obtained using a diffuser instead of the beam expander.
Figure (2.8e) shows the light spot when the 1mm aperture and a diffuser is in place.

(c)

(b)
2.5 𝑚𝑚𝑚𝑚

5 𝑚𝑚𝑚𝑚

(a)

1 𝑚𝑚𝑚𝑚

12 𝑚𝑚𝑚𝑚

2.5 𝑚𝑚𝑚𝑚

(d)

(e)
5 𝑚𝑚𝑚𝑚

250 𝑚𝑚𝑚𝑚
Diffuser

1mm diameter apperture

(f)
Beam expander
Figure 2. 8 Improvement in the uniformity of the laser light spot by experimenting with
different optics. (a) Original laser light spot, (b) using beam expander, (c) using 1𝑚𝑚𝑚𝑚
aperture, (d) using 1𝑚𝑚𝑚𝑚 aperture along with the beam expander, (e) 1𝑚𝑚𝑚𝑚 aperture plus a
diffuser, and (f) shows the relative positions of the optics in the set-up.
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2.5

Measurements

2.5.1 Highly oriented pyrolytic graphite (HOPG)
As a test of the technique, we measured the response of a sample of highly oriented
pyrolytic graphite (HOPG), with area ≈ 5𝑚𝑚𝑚𝑚2 and thickness = (230 ± 10) 𝜇𝜇𝜇𝜇 for
which the interlayer (c-axis) thermal conductivity has been reported to be ≈ 80 𝑚𝑚𝑚𝑚/𝑚𝑚𝑚𝑚,

more than 200 times smaller than the in-plane value [13]. Since the HOPG is opaque,

measurements were done using the quartz halogen light source, however, because of the
high reflectivity of HOPG, the signal, shown in Figure (2.9), is relatively small and noisy,
but our fit to Eq. (2.6) gave 𝑓𝑓2 = 132 ± 22 𝐻𝐻𝐻𝐻, corresponding to 𝜅𝜅𝑐𝑐 = (77 ± 20) 𝑚𝑚𝑚𝑚/
𝑚𝑚𝑚𝑚 [10]. It is necessary to note here that the measurements on HOPG sample were taken

at the time that most of our improvements to the technique had not been made yet. A quick
comparison of the data presented in preceding sections, along with the quality of their fits

𝑉𝑉𝑌𝑌 (𝑎𝑎𝑎𝑎𝑎𝑎. 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢)

𝑓𝑓𝑉𝑉𝑌𝑌 (𝑎𝑎𝑎𝑎𝑎𝑎. 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢)

can verify this.

𝑓𝑓(𝐻𝐻𝐻𝐻)

Figure 2. 9 Frequency dependence of the thermal radiation in quadrature with the incident
light, from a 230 𝜇𝜇𝜇𝜇 thick sample of HOPG. The solid curves show the fit to Eq. (2.6).
2.5.2 Free-standing PEDOT:PSS films
The utility of the technique for very thin samples is shown in Figure (2.10), for
which we show the experimental results for two 𝑑𝑑 = (10 ± 1) 𝜇𝜇𝜇𝜇 free-standing
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samples of PEDOT:PSS (See section (5.1) for more details about this material) [14]. The
fitted value of 𝑓𝑓2 = (2.61 ± 0.09) 𝑘𝑘𝑘𝑘𝑘𝑘, corresponding to 𝐷𝐷 = (0.17 ± 0.04)𝑚𝑚𝑚𝑚2 /𝑠𝑠,

where most of the uncertainty comes from that of the thickness. While our present

apparatus is limited to frequencies below 2 𝑘𝑘𝑘𝑘𝑘𝑘, this is not an intrinsic limitation, and even
thinner samples could be measured, e.g., with a higher frequency electronically chopped
laser.

Figure 2. 10 Frequency dependence of the photothermal signals in-phase (𝑓𝑓𝑉𝑉𝑋𝑋 ) and in
quadrature (𝑓𝑓𝑉𝑉𝑌𝑌 ) with the input chopped light. Data are shown for two 10 μm thick samples
of PEDOT:PSS (red and blue symbols) with the fits (lines) to Eq. (2.6 ).

We also investigated the effect of PSS content on the thermal diffusivity of freestanding PEDOT:PSS films by conducting measurements on different compositions of
PEDOT:PSS with the ratio between PEDOT and PSS varies from 2.5 to 10. The throughplane diffusivity of two samples (areas ~ 20 𝑚𝑚𝑚𝑚2, and 36 𝜇𝜇𝜇𝜇 < 𝑑𝑑 < 47 𝜇𝜇𝜇𝜇) from each

composition were measured with our frequency-dependent photo-thermal technique.
Figure (2.11) shows the results for one sample of each composition, with subsequent curves

offset by 0.4. Each sample was measured with two different light sources, the quartz
halogen bulb and blue laser, with similar results for the measured characteristic frequency.
The curves show fits to Eq. (2.10), to include the effects of finite absorption length (1/α)
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of the light, which is a small correction (most easily seen in the fits at high frequency) for
these samples (all with αd > 7). Sample thicknesses were measured with a high power
microscope, usually by cutting a piece of the sample after the photo-thermal measurements
were completed. The thickness of the edges of the cut piece as seen in the microscope was
not uniform, varying by ~ 5 µm.

Figure 2. 11 The frequency times the measured response of a sample of each PEDOT:PSS
compositions. The closed and open symbols show the quadrature (𝑓𝑓𝑉𝑉𝑌𝑌 ) and in-phase (𝑓𝑓𝑉𝑉𝑋𝑋 )
signals, respectively, each normalized to the total (𝑓𝑓𝑓𝑓)0 response at low frequency. (Each
data set is offset by 0.2 for clarity, with the dashed lines showing the zero value for each
set). A second sample of each composition was also measured, giving consistent results.
The thicknesses of the films before measurements (i.e. in ambient conditions) are shown in
the figure; we assumed that the thicknesses in vacuum were ~ 13% less, as determined by
micrometer measurements of samples in ambient and dry atmosphere conditions.
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Figure 2. 12 Transverse thermal diffusivity of different compositions of PEDOT:PSS films
calculated from 𝐷𝐷 = (2𝜋𝜋/√90)𝑓𝑓2 𝑑𝑑2 .
Figure (2.12) shows the diffusivity, calculated from 𝐷𝐷 = (2π/√90)𝑓𝑓2 𝑑𝑑2 . The error

bars reflect the experimental uncertainties in 𝑓𝑓2 (~ 3%) and 𝑑𝑑 (~ 13%). It is important to

note here that PEDOT:PSS is highly hygroscopic and for this reason, it absorbs a
significant amount of water from the ambient. While the thermal diffusivities of material

in the hydrated and dehydrated states may differ, the differences are expected to be small.
An explanation is that the photo-thermal measurements were done in vacuum, so the
sample was presumably desiccated, but the thicknesses were measured in air, so the
desiccated samples may be slightly thinner than the measured thickness. Therefore, the
small concentration-dependent differences in 𝐷𝐷 are probably not significant, and one may
conclude that the diffusivity is approximately equal for each composition, 𝐷𝐷 ≈

(0.152 ± 0.023) 𝑚𝑚𝑚𝑚2 /𝑠𝑠, similar to the pure PEDOT:PSS we measured previously, see
Figure (2.10). The through-plane thermal conductivity can be calculated from 𝜅𝜅 = 𝜌𝜌𝜌𝜌𝜌𝜌.
The specific heat of a sample of each composition was measured after being in a dry
atmosphere (He/N2) at 50℃ overnight, so presumably desiccated. (This treatment was

observed to reduce the mass by 10 − 30%.) The mass of each sample was measured as

soon as possible after removing it from the experimental chamber, at which time its mass
starts to increase again as it absorbs water. Because of this factor, and because the typical
precision of DSC measurements is ~ 3%, the room temperature specific heat of the four
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samples can be taken as 𝑐𝑐 ≈ (1.00 ± 0.04) 𝐽𝐽/𝑔𝑔℃, as shown in Figure (2.13). For mass
density, no significant variations were observed for the different PSS loads and the average
value (for dehydrated samples) of 𝜌𝜌 = 1.21 ± 0.05 𝑔𝑔 𝑐𝑐𝑚𝑚−3 is used which is in agreement

with previous reports. [15] The values of κ vary between 0.23 𝑊𝑊/𝑚𝑚. 𝐾𝐾 for 1:10 material

and 0.16 𝑊𝑊/𝑚𝑚. 𝐾𝐾 for 1:2.5 material with the average value of 𝜅𝜅 ≈ (0.19 ± 0.05) 𝑊𝑊/

𝑚𝑚. 𝐾𝐾.
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Figure 2. 13 Specific heat of a sample of each composition of PEDOT:PSS at different
temperatures.

2.5.3 Polytetrafluoroethylene (Teflon)
We have checked our expressions for non-opaque materials by measuring the
photothermal response of a 127 μm thick piece of Teflon (polytetrafluoroethylene), the
infrared transmission spectrum of which is shown in Figure (2.14). Measurements were
made with the diode laser and with a ∼200 nm (visibly opaque) Lead Sulfide (PbS) film

evaporated on the front surface to increase the absorption (making 𝛼𝛼𝛼𝛼 >> 10 and γ≈β).

The data and fits are shown in Figure (2.15). For the fit, we assumed two values of β; the
resulting fit had 𝑓𝑓2 = (12 ± 1) 𝐻𝐻𝐻𝐻, with fitted β values of ∞ (i.e., >> 10, corresponding
to the opaque regions of the spectrum for 𝜈𝜈 < 1000 𝑐𝑐𝑚𝑚−1) and ≈ 0.8, i.e., corresponding

to the average transmission value shown by the horizontal arrow in Figure (2.14). From the
value of 𝑓𝑓2 , we find 𝐷𝐷 = (0.13 ± 0.01)𝑚𝑚𝑚𝑚2 /𝑠𝑠, consistent with the reported value near

room temperature [16].
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Figure 2. 14 Infrared transmission spectra of a 𝑑𝑑 = 127 𝜇𝜇𝜇𝜇 sample of Teflon. The vertical
arrows show the approximate peak energies for black body emission of the room
temperature (RT) sample and the quartz-halogen lamp, and the horizontal arrows show the
cutoff energy of the long-wave pass filter and an average value for the transmission of
Teflon, as described in the text.

Figure 2. 15 Experimental results for the Teflon sample, with 𝑓𝑓2 = 12.3 𝐻𝐻𝐻𝐻, and the fits to
the data using Eq. (2.10) (with two values of β, chosen from Figure (2.14) as discussed in
the text).
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2.5.4 TIPS-pentacene (Our previous result)
TIPS-pentacene crystals (For more details about this material see Section (5.2))
typically grow as needles, up to 1 𝑐𝑐𝑐𝑐 long and 1mm wide but less than 100 𝜇𝜇𝜇𝜇 thick in

the interlayer direction. Crystals up to 1mm thick can be grown, but these often have steps

on their surfaces and also typically have areas <1 𝑐𝑐𝑚𝑚2 . Conventional thermal conductivity
techniques cannot be used for samples of these small dimensions, so we have used our acphotothermal technique to measure the interlayer thermal diffusivity (𝜅𝜅𝑐𝑐 ) of TIPS-pn

crystals. In Ref.[8], we published our first results for 𝜅𝜅𝑐𝑐 , however, at that time we had not
yet extended our analysis for semi-opaque materials such as TIPS-pn, the infrared

transmission spectra of which is shown in Figure (2.16) for a 190 𝜇𝜇𝜇𝜇 thick sample.
Therefore the fitting expression we used for our results was Eq. (2.6 ) with the assumption
that all the incident light provided with a quartz halogen bulb, was absorbed on the front

surface of the sample (neglecting the fact that TIPS-pn has a large distribution of absorption
coefficient (𝛼𝛼), if non-monochromatic light is used as the incident light).

Figure 2. 16 Infrared transmission spectra of a d = 190 μm thick crystal of TIPS-pentacene.
The vertical arrows show the approximate peak energies for black body emission of the
room temperature (RT) sample and the quartz-halogen lamp, and the horizontal arrow
shows the cutoff energy of the long-wave pass filter. The dashed lines qualitatively indicate
how two values of the absorption coefficient can be used to approximate the absorption
spectrum of thermal radiation.
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According to our analysis for semi-opaque materials in Section (2.3.3), 𝑓𝑓𝑉𝑉𝑌𝑌 does

not go to zero for frequencies above 𝑓𝑓2 , but there is a shelf in the quadrature response

extending to high frequencies. In our first measurements on TIPS-pn, we mistook this shelf

for the low frequency (𝑓𝑓 < 𝑓𝑓2 ) quadrature response that occurs for large absorption

coefficients, see Figure (2.4). Some of our results published in reference [8] are shown in

𝑓𝑓 𝑉𝑉𝑎𝑎𝑎𝑎 𝑆𝑆𝑆𝑆𝑆𝑆(𝜃𝜃 + 𝜃𝜃0 ) (𝑎𝑎𝑎𝑎𝑎𝑎. 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢)

Figure (2.17).

𝑓𝑓 (𝐻𝐻𝐻𝐻)

Figure 2. 17 Measured values of 𝑓𝑓𝑓𝑓 𝑆𝑆𝑆𝑆𝑆𝑆(𝜃𝜃 + 𝜃𝜃0 ), and fits to Eq. (2.6) for four crystals of
TIPS-pn, with thicknesses, as indicated. Here 𝜃𝜃0 is the fitting parameter, the error in setting
the leaked light signal phase. The scatter in the data for each sample shows the uncertainty
of the measurements.
As presented in Figure (2.18), another problem contributing to our incorrect value
for interlayer diffusivity was the large leaked light signal dominating the high-frequency
in-phase thermal response, preventing from fitting the in-phase signal and causing us to
incorrectly set the lock-in phase and creating the drop in the quadrature signal at high
frequency, which we mistook for 𝑓𝑓2 . Figure (2.18a) shows the decrease in the quadrature
signal at high frequencies that can mimic 𝑓𝑓2 behavior as a consequence of a small lock-in

phase error (~15°). Also shown in the figure is 𝑓𝑓𝑉𝑉𝑋𝑋 which is dominated by the leaked light
signal. [Similarly, in earlier work, we measured the oscillating temperature (Tac ) on the

back surface with a thermocouple glued to the surface. The shelf in 𝑓𝑓𝑇𝑇𝑎𝑎𝑎𝑎 caused by small
αd was mistaken for the response expected for 𝑓𝑓 < 𝑓𝑓2 , and in that case, the signal dropped
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at high frequency because of the thermal resistance of the glue holding the thermometer
[12].]

(a)

(b)

Figure 2. 18 Frequency dependence of the quadrature (a) and in-phase (b) signals for a
210 𝜇𝜇𝜇𝜇 thick crystal of TIPS-pn. The effect of phase shift (15°) is shown by the open
circles. The frequency dependence of the in-phase thermal signal is dominated by the
leaked light signal.
Consequently, fitting only the quadrature signal gives 𝜅𝜅𝑐𝑐 ≈ 20 𝑊𝑊/𝑚𝑚𝑚𝑚, an order of

magnitude larger than any organic material. This large interlayer thermal conductivity had
not been previously observed in a “molecular crystal,” for which the interlayer bonding is

generally considered to be due to van der-Waals interactions between essentially rigid
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molecules. It was not observed in pentacene crystals [17,18], for which there are no side
groups projecting between the planes, nor in rubrene [12,19], for which tetracene
backbones align in the plane with relatively rigid phenyl side groups projecting between
the planes [20]. We proposed a model in which the large interlayer thermal conductivity of
TIPS-pn that we observed, was associated with the ability of the floppy TIPS side groups
to conduct heat [10]. This was supported by the fact that we observed similarly high values
of 𝐷𝐷𝑐𝑐 for other materials with the same or similar interlayer side groups [21]. In fact, kinetic
theory considerations show that treating the molecules as rigid and considering only
acoustic phonon propagation (the usual assumption in molecular solids) as a mechanism
for heat conduction is extremely unlikely to account for the high thermal conductivity we
measured. If it is assumed that only acoustic modes have sufficient velocity to make a
contribution to the thermal conductivity, then [12],
κ = (ρ/3)cacoustic < vacoustic λacoustic >

(2. 11)

At room temperature, 𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ≈ 3𝑅𝑅/𝑀𝑀 , where R is the gas constant and M is the

molecular weight (638 g/mole). Assuming a typical value of 𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ~2 𝑘𝑘𝑘𝑘/𝑠𝑠 gives

𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ~700 𝑛𝑛𝑛𝑛~400 𝑑𝑑𝑐𝑐 , where 𝑑𝑑𝑐𝑐 = 1.7 𝑛𝑛𝑛𝑛 is the interlayer spacing. Such a large

mean-free path is extremely unlikely in view of the measured large thermal disorder, e.g.,
shear motion of the molecules [22]. However, since the librational modes typically have
energies ≤ 𝑘𝑘𝐵𝐵 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 [23], they can also carry heat at room temperature if they have

sufficient dispersion. Furthermore, because of the large number of terminal methyl groups
(12 on each molecule), they can potentially carry an order of magnitude more heat than the
acoustic modes alone. In fact, the quadrupolar coupling between these groups may give
librational phonons sufficient velocity to contribute, assuming a typical quadrupole
moment 𝑄𝑄~ 10−39 𝐶𝐶𝑚𝑚2 . [24] Since the distance between isopropyl groups on neighboring
layers is 𝑟𝑟~ 0.4 𝑛𝑛𝑛𝑛 , the interaction energy 𝑈𝑈𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞 ~ 𝑄𝑄 2 /(4𝜋𝜋𝜖𝜖0 𝑟𝑟 5 )~ 5𝑚𝑚𝑚𝑚𝑉𝑉 [25]. This

bandwidth would give a librational optical phonon velocity close that of acoustic phonons:

𝑣𝑣𝑙𝑙𝑙𝑙𝑙𝑙 ~ 𝑈𝑈𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞 𝑑𝑑𝑐𝑐 /ℎ ~ 2 𝑘𝑘𝑘𝑘/𝑠𝑠 , where ℎ = Planck’s constant. Supporting this possibility
have been recent low-energy inelastic X-ray scattering experiments [24], shown in Figure
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(2.19) which have indicated that 11 meV optical phonons have significant energy
dispersion along c*, corresponding to phonon velocities ~2 𝑘𝑘𝑘𝑘 𝑠𝑠 −1 , similar to the

expected values for acoustic modes [21]. (Note 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 < 0, showing that these are not
acoustic modes.)

Figure 2. 19 Inelastic x-ray spectra of crystals of TIPS-pn taken at the Advanced Photon
Source at Argonne National Lab for four wavevectors in the c* direction.

As discussed in relation to Eq. (1.8), for a phonon mode to be involved in heat
propagation, it must have non-negligible mean-free path as well as velocity. Mean free
paths can be estimated from the phonon linewidth, ∆𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙 :
𝜆𝜆𝑙𝑙𝑙𝑙𝑙𝑙 ≈

𝑣𝑣𝑙𝑙𝑙𝑙𝑙𝑙 ℏ
∆𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙
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(2. 12)

Since the energy resolution of the inelastic x-ray measurements is ± 1 meV, we are not able
to resolve the line widths of individual phonons. The optical phonon peaks in Figure (2.19)
appear to correspond to clusters of phonons. Therefore, we would need an energy
resolution of ∆𝐸𝐸 ≈ 0.1 𝑚𝑚𝑚𝑚𝑚𝑚, for example, to resolve a phonon mode with average velocity
≈ 2 𝑘𝑘𝑘𝑘/𝑠𝑠 and a mean-free path of ≈ 15 𝑛𝑛𝑛𝑛 (about 10 layer spacings for TIPS

pentacene). The low-energy ( ≈ 10 – 30 𝑚𝑚𝑚𝑚𝑚𝑚) optical phonon linewidths of TIPS
pentacene could possibly be measured using the micro-Raman spectrometer. However,
further investigation of our proposed model for heat conduction in TIPS-pn crystals was
suspended by our recent measurements on 𝜅𝜅𝑐𝑐 in the sublimed films. The low values of 𝜅𝜅𝑐𝑐

for the sublimed films, while possibly slightly reduced due to reduced mean-free-paths
caused by disorder in the films, raised a question about the accuracy of the 𝜅𝜅𝑐𝑐 value we

measured for the single-crystals. Our new results of the interlayer thermal conductivity in
TIPS-pn crystals are presented in the next section.

2.5.5 New results on TIPS-pentacene
Recently we have remeasured the photothermal response for crystals of TIPSpentacene with thicknesses ranging from 50 μm to 270 μm. Crystals with areas >3 mm2
generally do not have uniform thicknesses but may be wedge-shaped or have stepped
surfaces, and the resulting uncertainties in the sample thicknesses for the crystals we
measured range from ±10 to ±20 μm. To avoid having a large range of incident absorption
coefficients that would result from the incandescent light source, we used the blue laser as
the light source making α >> β). The data and their fits to Eq. (2.10) are shown in Figure
(2.20).
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Figure 2. 20 In-phase and quadrature responses for TIPS-pentacene crystals of different
thicknesses, as indicated; the solid curves show the fits to Eq. (2.10) with two values of γ.
The signals were (approximately) normalized to the quadrature response of each at low
frequency. Subsequent in-phase graphs are vertically offset by 0.05 and the dashed lines
show the zero-lines for each graph. (Note that the in-phase and quadrature responses are
plotted with different vertical scales.)

We included two values of γ (≈β, corresponding to the dashed lines shown in Figure
(2.16) as fitting parameters. [The fits tend to overestimate the in-phase response at low
frequencies, presumably because the frequency is beginning to approach (1/2𝜋𝜋𝜏𝜏1 ).] The

variation of the fitted values of 𝑓𝑓2 with 𝑑𝑑2 is shown in Figure (2.21). From the inverse first-

order fit, we find that the interlayer diffusivity 𝐷𝐷 = (0.10 ± 0.01)𝑚𝑚𝑚𝑚2 /𝑠𝑠. This value is
two orders of magnitude smaller than estimated in Ref. 5 and corresponds to an interlayer

thermal conductivity 𝜅𝜅𝑐𝑐 = 0.17 𝑊𝑊/𝑚𝑚. 𝐾𝐾 ≈ 𝜅𝜅𝑎𝑎𝑎𝑎 /10, where 𝜅𝜅𝑎𝑎𝑎𝑎 is the thermal conductivity
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in the in-plane, needle-axis, high electronic mobility direction [21]. This value of 𝜅𝜅𝑐𝑐 is 65%
larger than the value found for sublimed films [26], and the difference can be readily

associated with disorder in the films: From the analysis of in Section (2.5.4), if one assumes
that the heat is carried by acoustic phonons only, the value of 𝜅𝜅𝑐𝑐 implies a phonon mean-

free path of 3–4c (the interlayer spacing) in the crystal and ∼2c in the film. This value is
also about twice that found for crystals of rubrene, another layered small-molecule organic
semiconductor [12].

Figure 2. 21 The thickness dependence of fitted values of 𝑓𝑓2 = �𝐷𝐷√90/2𝜋𝜋�/𝑑𝑑2 for crystals
of TIPS-pentacene. The inverse first-order regression gives 𝑓𝑓2 = 0.1104/𝑑𝑑 2 which
determines the interlayer diffusivity 𝐷𝐷 = (0.10 ± 0.01) 𝑚𝑚𝑚𝑚2 /𝑠𝑠.
2.6

Effect of coating the sample on photothermal response
In photothermal measurements, a common practice in thermal diffusivity analysis

is to coat a sample which has “non-ideal” optical properties with opaque films, such as
colloidal graphite [27]. Non-ideal properties include having low emissivity or low
absorbance for thermal radiation and/or high reflectance or low absorbance for incident
light. We discussed the extension of our technique for low-absorbance samples in Section
(2.3.3). To investigate the effect of coating a sample with high reflectivity and low
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emissivity, we investigated a copper sample with 𝑑𝑑 = (353 ± 8) 𝜇𝜇𝜇𝜇 using the diode
laser, with the results shown in Figure (2.22).

Figure 2. 22 Frequency dependence of signals of a 353 μm thick copper sample, with and
without coatings, as indicated. The curves show fits to Eq. (2.6), with the fitted values of
𝑓𝑓2 indicated. The (non-normalized) absolute values of the detector signals are given to show
the effects of coating. (Note that the vertical scales for the in-phase and quadrature
responses are different and that the signal for the sample with graphite on back is 10 times
larger than shown.)

For the uncoated sample, the data were well fit with 𝑓𝑓2 = (1277 ± 16)𝐻𝐻𝐻𝐻 ,

corresponding to 𝐷𝐷 = (105 ± 6)𝑚𝑚𝑚𝑚2 /𝑠𝑠, consistent with published results (111 𝑚𝑚𝑚𝑚2 /𝑠𝑠)

[28]. Evaporating a ∼100 nm PbS film on the front (incident) surface to decrease the

reflectivity and increase the magnitude of the absorbed light approximately doubled the
signal but did not change 𝑓𝑓2 , as shown in Figure (2.22). We then removed the PbS and

deposited a graphite film (between 5 and 10 𝜇𝜇𝜇𝜇) on the front surface. As shown in the
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figure, the characteristic frequency decreased by almost an order magnitude. We also
investigated covering the back surface with a similar graphite film (removing the film from
the front surface); in this case, as shown in the figure, the signal increased by an order of
magnitude and the response time was faster than for the front film, as expected, but still a
few times slower than that of the uncoated sample. These results illustrate that common
graphite films can have time constants on the order of a millisecond (mainly due to weak
adherence of graphite film to the surface of the sample) and are generally not practical for
the thin organic samples for which our technique is designed. Appropriate evaporated films
can be chosen to enhance the signal, but for front-surface films, care should be taken that
the film is uniform and sticks well to the surface.

2.7

Comparison of ac-photothermal analyzer with Laser Flash technique
Since our frequency-dependent photothermal technique is a complement to time-

dependent, light-flash analysis (LFA) to determine the through-plane thermal diffusivity
of samples that are too thin (e.g. 0.01𝑚𝑚𝑚𝑚) or have too small an area (< 10 𝑚𝑚𝑚𝑚2 ) for LFA,

this section is devoted to a brief description of the LFA and a comparison of the two
techniques.

2.7.1 Laser Flash Technique
The flash method was first introduced by Parker et al. [28] in 1961. Since then,
various improvements to it have been made. The technique utilizes a very short (≤ 1 𝑚𝑚𝑚𝑚),
intense laser pulse to uniformly heat the front surface of the sample, along with an IR

detector to monitor time-dependent temperature rise on the rear side. Heat losses are
minimized by having noncontact temperature sensing and making the measurements in a

short time. Schematic design of a laser flash system is presented in Figure (2.23) [29].
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Figure 2. 23 Measurement part of the NETZSCH LFA 457 MicroFlash [29].

2.7.2 Analysis of the method
The analysis presented here rests on two approximations. Radiation losses from the
sample are not considered, likewise, the laser radiation pulse has a duration negligible
compared to the internal time constant related to the temperature rise of the sample. If a
pulse of energy density Q is absorbed uniformly and instantly at the front surface (𝑥𝑥 = 0)
of a sample of thickness L, the temperature distribution at any later time t is given by [30]

∞

1 𝐿𝐿
𝑇𝑇(𝑥𝑥, 𝑡𝑡) = � 𝑇𝑇(𝑥𝑥, 0)𝑑𝑑𝑑𝑑
𝐿𝐿 0

2
𝑛𝑛2 𝜋𝜋 2 𝐷𝐷𝐷𝐷
𝑛𝑛𝑛𝑛𝑛𝑛 𝐿𝐿
𝑛𝑛𝑛𝑛𝑛𝑛
+ � exp �−
�
×
𝐶𝐶𝐶𝐶𝐶𝐶
�
� � 𝑇𝑇(𝑥𝑥, 0)𝐶𝐶𝐶𝐶𝐶𝐶 �
� 𝑑𝑑𝑑𝑑
2
𝐿𝐿
𝐿𝐿
𝐿𝐿
𝐿𝐿
0

(2. 13)

𝑛𝑛=1

where 𝐷𝐷 is the thermal diffusivity and 𝑇𝑇(𝑥𝑥, 0) is the initial temperature distribution. If the
absorption length of the laser pulse is defined as 𝑙𝑙 then the boundary conditions are
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𝑇𝑇(𝑥𝑥, 0) =

𝑄𝑄
𝜌𝜌𝜌𝜌𝜌𝜌

for

𝑇𝑇(𝑥𝑥, 0) = 0

for

0 < 𝑥𝑥 < 𝑙𝑙

(2. 14)

𝑙𝑙 < 𝑥𝑥 < 𝐿𝐿

where 𝜌𝜌 is the density and 𝑐𝑐 is the specific heat. For all the opaque materials 𝑙𝑙 ≪ 𝐿𝐿
therefore, considering the initial conditions, the Eq. (2.13) can be simplified as
∞

𝑄𝑄
𝑛𝑛2 𝜋𝜋 2
𝑛𝑛
𝑇𝑇(𝐿𝐿, 𝑡𝑡) =
�1 + 2 �(−1) exp �− 2 𝐷𝐷𝐷𝐷��
𝜌𝜌𝜌𝜌𝜌𝜌
𝐿𝐿

(2. 15)

𝑛𝑛=1

Figure (2.24) shows the simulated result of Eq. (2.15). Thermal diffusivity can be
obtained from the time that the rear surface of the sample reaches half of its maximum
temperature at 𝜔𝜔 = 1.38.

(2. 16)

𝑇𝑇(𝐿𝐿, 𝑡𝑡)
𝑄𝑄/𝜌𝜌𝜌𝜌𝜌𝜌

1.38 𝐿𝐿2
𝐷𝐷 = � 2
�
𝜋𝜋 𝑡𝑡1/2

𝑡𝑡1
2

Figure 2. 24

𝜋𝜋 2
𝜔𝜔 = 2 𝐷𝐷 𝑡𝑡
𝐿𝐿

Dimensionless plot of rear surface temperature history, Eq. (2.15) [28].
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As mentioned earlier, in deriving Eq. (2.15), radiation heat loss and finite-pulse effects are
not considered, however, the measured data with most of the new laser flash devices is
analyzed taking both effects into account using Cape-Lehmann model [29,31].
2.7.2 Advantages/disadvantages over LFT
Table (2.1) describes the comparison between the ac-photothermal we developed
and the LFA technique.

39

Table 2. 1 Comparison between the ac-photothermal technique and LFA. The data
provided for the LFA is according to one of the latest commercialized models of LFA
analyzers from Linseis company [32].
Ac-photothermal

Laser Flash Technique

Technique
Sample shape;

No restriction on shape

(Area)

Area > 2𝑚𝑚𝑚𝑚 × 3 𝑚𝑚𝑚𝑚

Round: ∅ 3, 6, 10, 12.7… 25.4 mm
Square: 10 or 20 mm

Min: Cu:

40 𝜇𝜇𝜇𝜇 (if f ≤ 150 𝑘𝑘𝑘𝑘𝑘𝑘)
Thickness
Min & Max

300 𝜇𝜇𝜇𝜇 (if f ≤ 2 𝑘𝑘𝑘𝑘𝑘𝑘)

Min Polymers;

Min: 0.1 mm
Max: 6 mm

1.5 𝜇𝜇𝜇𝜇 (if f ≤ 150 𝑘𝑘𝑘𝑘𝑘𝑘)
10 𝜇𝜇𝜇𝜇 (if f ≤ 2 𝑘𝑘𝑘𝑘𝑘𝑘)
Max: 500 𝜇𝜇𝜇𝜇

Heating

Periodic irradiation by

method

beam

Price
Operating
temperature
Semi-opaque
materials
Measurement
Duration
Measuring
range th.
diffusivity

< $ 17000

Pulse heating by beam
> $ 50000

−125 °𝐶𝐶 up to 500°𝐶𝐶

RT

No coating is needed

RT up to 2800°𝐶𝐶

Typically graphite coating is
needed

~ 2 hours

Less than 10 minutes

20000 (if f ≤ 150 𝑘𝑘𝑘𝑘𝑘𝑘)

0.01𝑚𝑚𝑚𝑚2 /𝑠𝑠 − 1000 𝑚𝑚𝑚𝑚2 /𝑠𝑠

0.001 𝑚𝑚𝑚𝑚2 /𝑠𝑠 −

300 (if f ≤ 2 𝑘𝑘𝑘𝑘𝑘𝑘)
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CHAPTER 3.

IN-PLANE THERMAL DIFFUSIVITY MEASUREMENTS USING
AN AC CALORIMETRY TECHNIQUE

3.1

Analysis of the technique
The light irradiated ac calorimetric technique described in this chapter was

developed by Hatta et al. [33] and is used to measure the thermal diffusivity of thin samples
in a direction parallel to the broad surfaces. In this technique, a thin sample composed of
an infinite plate with thickness 𝑑𝑑 is partly shadowed by a half-plane sharp-edged mask,

while periodic light irradiation (𝑄𝑄𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖 ) is uniformly applied over all the sample surface
and mask. The oscillating temperature, 𝑇𝑇𝑎𝑎𝑎𝑎 , at the rear side of the sample is then measured

using a fine thermocouple attached to the sample and located at the distance L from the
edge of the mask. As the periodic thermal energy is absorbed on the top surface of the
sample, the oscillating heat propagates into the shadow region, 𝑥𝑥 direction, and decays

while diffusing. A schematic of the apparatus is shown in Figure (3.1). The ac temperature
as a function of 𝑥𝑥 on the rear side can be obtained by solving the heat diffusion equation.
The general three-dimensional equation can be simplified to a one-dimensional differential

equation along the 𝑥𝑥 direction assuming that the thermal diffusion length 𝑙𝑙⊥ , in the

direction perpendicular to the sample plate is much greater than the sample thickness 𝑑𝑑.
𝑙𝑙 ≡ �

𝑙𝑙⊥ = �

2𝐷𝐷
𝜔𝜔

2𝐷𝐷⊥
≫ 𝑑𝑑
𝜔𝜔

(3. 1)

(3. 2)

where 𝐷𝐷⊥ (𝐷𝐷∥ ) is the transverse (longitudinal) thermal diffusivity. Eq. (3.2) indicates no
temperature gradient across the sample thickness and both the top and rear surfaces are at

the same temperature at any time. Meanwhile, if heat leaking through the thin sides of the
sample is negligible, the straight edge of the mask prevents a temperature gradient along
the third direction. Therefore 𝑇𝑇𝑎𝑎𝑎𝑎 can be obtained by solving the one-dimensional heat

diffusion equation
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𝜕𝜕𝜕𝜕
1
− 𝐷𝐷∥ ∇2 𝑇𝑇 = �𝑄𝑄𝑄𝑄(𝑥𝑥) 𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖 − 𝐾𝐾 𝑇𝑇�
𝜕𝜕𝜕𝜕
𝐶𝐶
1,
𝐹𝐹(𝑥𝑥) = �
0,

(3. 3)

𝑥𝑥 < 0
𝑥𝑥 ≥ 0

(3. 4)

where 𝐶𝐶, 𝐾𝐾 and Q are, heat capacity, thermal conductance out of the sample, and amplitude
of the periodic incident power respectively. The solution to Eq. (3.3) is

𝑇𝑇(𝑥𝑥) =

𝑄𝑄

𝑖𝑖
2𝑖𝑖𝑖𝑖𝑖𝑖 �1 − 𝜔𝜔𝜏𝜏 �
1

𝑒𝑒𝑒𝑒𝑒𝑒 �−�𝑖𝑖

𝜔𝜔
1
�� 𝑥𝑥�
�1 − 𝑖𝑖 �
𝐷𝐷∥
𝜔𝜔τ1

𝑥𝑥 > 0

(3. 5)

in which the relaxation time 𝜏𝜏1 = 𝐶𝐶/𝐾𝐾 can be associated with the time in which the sample

attains equilibrium with the ambient. In the limit that 𝜔𝜔𝜏𝜏1 ≫ 1, Eq. (3.5) becomes
𝑇𝑇(𝑥𝑥) =

𝑄𝑄
𝑥𝑥
𝑥𝑥 𝜋𝜋
exp �− − 𝑖𝑖 � + ��
2𝜔𝜔𝜔𝜔
𝑙𝑙∥
𝑙𝑙∥ 2

(3. 6)

The value of 𝑙𝑙∥ can be obtained by conducting measurements on the position dependence

of either the magnitude of 𝑇𝑇𝑎𝑎𝑎𝑎 or the phase (𝜙𝜙(𝑥𝑥)) of the oscillating temperature.
𝜕𝜕𝜕𝜕𝜕𝜕|𝑇𝑇(𝑥𝑥)| 𝜕𝜕𝜕𝜕(𝑥𝑥)
1
=
=−
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝑙𝑙∥

(3. 7a)

Since the thermocouple (at x) is attached to the sample and cannot be moved, we instead
change the position of the mask (𝐿𝐿); these are equivalent if the sample and light spot are
much longer than the thermal diffusion length:
𝜕𝜕𝜕𝜕𝜕𝜕|𝑇𝑇(𝑥𝑥)| 𝜕𝜕𝜕𝜕𝜕𝜕|𝑇𝑇(𝐿𝐿)|
1
=
=−
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝑙𝑙∥

(3. 7b)

The thermal diffusivity in the 𝑥𝑥 direction can be obtained from 𝑙𝑙∥ using Eq. (3.1).
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To
𝐿𝐿

micrometer
Sample

𝑄𝑄𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖
S

Mask

0

𝑥𝑥

+𝑥𝑥

Mask
Glue

Thermocouple

Thermocouple

Figure 3. 1 On the left; a schematic view of the rear face of the sample. The thermocouple
is placed at the distance L from the edge of the mask. On the right; the cross-sectional view
of the longitudinal thermal diffusivity measuring system. The position dependence of the
temperature is measured by the thermocouple as the mask moves in the +𝑥𝑥 direction.
3.2

Criterions for the frequency
Eq. (3.6) is derived for the limit that 𝜔𝜔 ≫ 1/𝜏𝜏1 ; meanwhile, the one-dimensional

heat flow in the x-direction relies on the fact that the transverse thermal diffusion length is
much greater than the sample thickness. Recalling from Section 2.1,
𝑙𝑙⊥ = 𝑑𝑑�2/𝜔𝜔𝜔𝜔2 √90

(3. 8)

Eq. (3.2) and Eq. (3.8) together imply 𝜔𝜔 ≪ 1/𝜏𝜏2 . Frequencies satisfying both

conditions, 1/𝜏𝜏1 ≪ 𝜔𝜔 ≪ 1/𝜏𝜏2 , can be chosen by preliminary frequency-dependent

measurements of the oscillating temperature. The plateau in Figure (2.1) satisfies the above
condition. As soon as the appropriate frequency range is chosen, position-dependent
measurements of 𝑇𝑇𝑎𝑎𝑎𝑎 can be carried out. Typically finding the appropriate frequency for

position-dependent measurements is not an issue for a plate-like sample. However, in the
case of fine wires, the external relaxation time 𝜏𝜏1 , plays a key role because the heat capacity

of the sample is small and therefore 𝜏𝜏1 becomes short. In such circumstances, the
contribution of heat loss or in other words external relaxation time should be taken into
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account. Thus by defining 𝐷𝐷∗ as the effective thermal diffusivity, the magnitude of the

oscillating temperature |𝑇𝑇𝑎𝑎𝑎𝑎 | can be obtained from Eq. (3.5),
|𝑇𝑇𝑎𝑎𝑎𝑎 | =
where 𝐷𝐷∗ is defined by

𝑄𝑄

1 2
2𝜔𝜔𝜔𝜔 �1 + �𝜔𝜔𝜏𝜏 �
1

𝐷𝐷 ∗ =

𝐷𝐷

𝜔𝜔
. 𝑥𝑥�
2𝐷𝐷∗

(3. 9)

.

(3. 10)

. exp �−�

2

1
1
��1 + �𝜔𝜔𝜏𝜏 � + 𝜔𝜔𝜏𝜏 �
1
1

Regarding conducting measurements on fine wire, it is helpful to perform the experiment
in the frequency region 𝜔𝜔𝜏𝜏1 > 1 so that the Eq. (3.10) can be simplified
1
1
1
≈ (1 +
)
∗
𝐷𝐷
𝐷𝐷
𝜔𝜔𝜏𝜏1

(3. 11)

and used to analyze the data taken over a frequency range. By fitting the frequency
dependence of the effective thermal diffusivity, both 𝐷𝐷 and 𝜏𝜏1 can be obtained [34].
3.3

Analysis of multilayer materials
The method presented in this chapter can be applied to a multilayer material if the

following condition is satisfied.
�
𝑖𝑖

𝑑𝑑𝑖𝑖
≪1
𝑙𝑙⊥𝑖𝑖
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(3. 12)

where 𝑙𝑙⊥𝑖𝑖 and 𝑑𝑑𝑖𝑖 refer to transverse thermal diffusion length and the thickness of the ith

layer respectively. Under the above condition, the measured effective thermal diffusivity
of the composite material is given by
𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 =

∑𝑖𝑖 𝐷𝐷𝑖𝑖 𝑐𝑐𝑖𝑖 𝑑𝑑𝑖𝑖
∑𝑖𝑖 𝑐𝑐𝑖𝑖 𝑑𝑑𝑖𝑖

(3. 13)

where 𝑐𝑐𝑖𝑖 is the heat capacity per unit volume of the ith layer.

It happens that, if the measurements are not carried out in vacuum, the measured

slopes (and “effective” diffusivities) of films with low thermal diffusivity or very thin films
will increase due to the propagation of ac thermal waves though the medium around the
films. Therefore, in this case, Eq. (3.13) should be used to obtain the thermal diffusivity of
the films from the measured diffusivity and the approximation for the total effective
thickness of the air layer, 𝑑𝑑𝑎𝑎 , which has been measured by Gu et al [35] at room
temperature and reported as 𝑑𝑑𝑎𝑎 ≈ 0.3 𝑙𝑙𝑎𝑎 = 0.3 �2𝐷𝐷𝑎𝑎 /𝜔𝜔.
3.4

Experimental setup

Presented in Figure (3.2) is the experimental setup designed to measure the in-plane
thermal diffusivity. A thin strip sample ~1𝑐𝑐𝑐𝑐 long and~2 𝑚𝑚𝑚𝑚 wide is mounted on the
junction of a thermocouple using a small amount of silver paste which normally has a
diameter about one-third of the width of the sample. Moreover, to ensure that good
electrical contact is attained, the silver paste is always thinned by the addition of butyl
acetate. The thermocouple is prepared by cross spot welding a pair of 25 𝜇𝜇𝜇𝜇 diameter

chromel-constantan wires which are indium soldered to four pieces of sapphire on an
anodized aluminum ring as shown in Figure (3.2). The voltage generated between each pair
of wires consists of both ac and dc components, therefore the pair connected to a lock-in

amplifier measures the ac voltage (𝑉𝑉𝑎𝑎𝑎𝑎 ) and the one connected to a multimeter measures

the dc voltage. A movable screen is placed above the ring so that the relative position of
the thermocouple junction and the edge of the screen can be varied by a micrometer
attached to the screen. The thermocouple and the screen are located in a homemade header
which can be pumped to provide a typical vacuum of 20 millitorrs for our measurements.
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We used two different light sources depending on the opacity of our samples. Most of our
measurements were done using a 200 W quartz halogen bulb, the light of which is chopped
by a mechanical chopper and conducted onto the window of the header through a 3mm
diameter optical fiber. To better channel the light provided at the window into the sample,
a silvered glass tube, and a cylindrical convex lens are also used. In the case of materials
which are quite transparent to infrared light, we use a 1W blue diode laser to prevent
heating the thermocouple junction by incident light leaking through the sample. If the
absorption of the incident light is not large enough to bring the measured signal out of the
noise, a ~100 𝑛𝑛𝑛𝑛 lead sulfide film is evaporated on the top surface to increase the
absorption of the light.

Figure 3. 2 Inside and outside view of the experimental setup for the in-plane thermal
diffusivity measurements.
3.5

Measurements
We used the technique described at the beginning of this chapter to measure the

longitudinal thermal diffusivity of two conducting organic polymers, poly(3,4-ethylene
dioxythiophene) polystyrene sulfonate (PEDOT: PSS), and also nanocomposite of
multiwalled carbon nanotubes (MWCNT) and poly(N-vinylpyrrolidone) (PVP) on
Polyethylene terephthalate (PET) substrate. More information about these materials and
their applications can be found in Chapter 5.
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3.5.1 Freestanding PEDOT:PSS film treated with sulfuric acid
An ≈ 1 𝑐𝑐𝑐𝑐 long strip of 𝑑𝑑 = 10 𝜇𝜇𝜇𝜇 material was suspended, in vacuum (P= 45

millitorr), on 12 µm thermocouple wires which were glued to the bottom of the center of
the sample. The screen blocked most of the sample, including the part above the
thermocouple. As the screen is moved a distance 𝑥𝑥, the oscillating temperature on the

thermocouple generates an oscillating signal (𝑉𝑉𝑎𝑎𝑎𝑎 ) measured with a lock-in amplifier.

According to Eq. (3.7) and Eq. (3.1) , the longitudinal diffusivity can be obtained from the
slope of the logarithm of the magnitude of oscillating temperature versus position.

�

𝜋𝜋
𝜕𝜕 𝑙𝑙𝑙𝑙|𝑇𝑇(𝑥𝑥)|
=− �
�
𝜕𝜕𝜕𝜕
𝐷𝐷∥
�𝑓𝑓

(3. 14)

Although Eq. (3.7) indicates that the slope of phase (𝜙𝜙(𝑥𝑥)) versus position can also
be used to obtain the value of 𝐷𝐷∥ , the measurement of the position dependence of the phase

is much more sensitive to the experimental conditions and parameters and is always smaller
than that of the magnitude. Therefore, we have only presented data for the magnitude since
we were able to obtain more consistent and reproducible results. The slopes of the phase
were used to verify the consistency in the results and in the cases, where the phase slopes
were too small (less than ½), we rejected the results.
Shown in Figure (3. 3) are the results for a free-standing PEDOT:PSS film at three
different frequencies. 𝑥𝑥0 is a constant offset of the position of the screen. The average slope

taken between regions in which the sample is mostly blocked, so the signal gets lost in the
noise (large 𝑥𝑥), and where the edge of the screen approaches the thermocouple glue, so the
signal saturates (small 𝑥𝑥 ), is (2.8 ± 0.3) 𝑠𝑠1/2 𝑚𝑚𝑚𝑚−1 , giving 𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = (0.40 ±

0.08) 𝑚𝑚𝑚𝑚2 𝑠𝑠 −1 . This value is 2.4 times larger than the through-plane diffusivity,

discussed in Section 2.5.2.
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4.6

4.8
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𝑋𝑋0 − 𝑋𝑋 (𝑚𝑚𝑚𝑚)

Figure 3. 3 Spatial dependence of the thermocouple signal at a few frequencies. (𝑥𝑥 =
distance between the edge of the screen and the thermocouple and 𝑥𝑥0 = constant offset.)
𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 is determined from the slopes between the dotted lines, as discussed in the text. A
solid line with slope = 2.8 𝑠𝑠1/2 𝑚𝑚𝑚𝑚−1 is shown for reference [14].
3.5.2 PEDOT: PSS compositions with a different PSS to PEDOT ratio
We investigated the effect of PSS content on the in-plane thermal diffusivity of
free-standing PEDOT:PSS films by conducting measurements on different compositions
of PEDOT:PSS with the ratio between PSS and PEDOT varies from 2.5 to 10. Figure (3.4)
shows the spatial dependence of a thermocouple signal at 𝑓𝑓 = 3.2 𝐻𝐻𝐻𝐻 for one (𝑑𝑑~50 𝜇𝜇𝜇𝜇)

sample of each composition. The samples were in vacuum overnight, so presumably
dehydrated (as noted in Section 5.1, PEDOT:PSS is highly hygroscopic). In Figure (3.4),

𝑥𝑥0 is an arbitrary constant (chosen to offset the curves). The smaller signals (𝑉𝑉𝑎𝑎𝑎𝑎 ) for the
1:10 sample reflects the fact that lower intensity light was used for this sample in order to
have about the same ~ 10 ℃ dc temperature rise in each sample.
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𝑋𝑋0 − 𝑋𝑋 (𝑚𝑚𝑚𝑚)

Figure 3. 4 The spatial dependence of a thermocouple signal at f = 3.2 Hz for one (~ 50
μm thick) sample of each composition. The in-plane diffusivity is given by 𝐷𝐷 =
𝜋𝜋 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒 −2 .
Presented in Figure (3.5 a) is the in-plane diffusivity of each (dehydrated) sample.

For each sample, the spatial dependence was measured at a few frequencies and the error
bars reflect the variations in slopes (e.g. Figure (3.5 b) shows the spatial dependence of the
in-plane diffusivity for a sample of 1:6 composition at three different frequencies). The
value of the transverse diffusivity which was reported in Section 2.5.2 is shown in green;
The materials are becoming more isotropic as the [PSS]/[PEDOT] ratio increases.
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Figure 3. 5 (a) In-plane (red circles) and transverse thermal diffusivity (green) versus PSS
load. (b) Spatial dependence of the in-plane thermal diffusivity for a sample of 1:6
composition at three different frequencies.

It is worth comparing the value of the measured thermal conductivity with the rough
estimate of the minimum thermal conductivity obtained from kinetic theory. For the inplane thermal conductivity, the heat conduction is mainly through the PEDOT chains inside
the PEDOT:PSS grains, see Figure (3.6). Therefore, assuming the average mean free path
for the acoustic phonon is of the order of the separation of monomers in PEDOT chains
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(0.292 𝑛𝑛𝑛𝑛) and substituting the values of 𝜌𝜌 and 𝑀𝑀 for PEDOT in Eq. (1.12), one obtains

the thermal conductivity of ~ 0.05 𝑊𝑊/𝑚𝑚. 𝐾𝐾 .

Figure 3. 6 Proposed morphologies for PEDOT:PSS with low and high PSS content,
respectively. PEDOT rich PEDOT:PSS clusters are represented in dark blue color in a
matrix of excess PSS represented in light blue color. The PEDOT-chains inside the
PEDOT:PSS regions are structured along the grains.

The measured values of thermal conductivity, according to Figure (3.5), are an
order of magnitude greater than the estimated minimum amount based on kinetic theory,
suggesting a map of several (6-17) monomer spacing for the mean free path.
The same argument holds about the estimated minimum transverse thermal
conductivity, however, since the transverse heat conduction includes transport through
disordered PSS-rich domains (Figure (3.6)), the mean free path in Eq. (1.12) is associated
with the monomer spacing in PSS chains ( 0.17 𝑛𝑛𝑛𝑛 ) and the values of density and

molecular weight must be those of PSS. Substituting the values yields 𝜅𝜅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ≈
0.017 𝑊𝑊/𝑚𝑚. 𝐾𝐾 which again is about an order of magnitude smaller than the measured

value of ~0.19 𝑊𝑊/𝑚𝑚. 𝐾𝐾 suggesting a mean free path of about 10 monomer spacing along
the PSS chains.

Since PEDOT:PSS is highly hygroscopic, we also measured the in-plane thermal

diffusivity of the hydrated samples in air to investigate the effect of hydration on the
measurements. The slope values we measured for the samples in air were typically < 80%
of the vacuum values. However, measurements in air include the thermal diffusivity of
layers of air in parallel with the sample, and these may not be negligible at low frequencies.
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We tried to get a handle on this by also doing measurements in dry nitrogen atmosphere,
for which the sample should also be dehydrated. Figure (3.6) shows in-plane results for a
1:6 sample measured in vacuum, air, and dry nitrogen at 𝑓𝑓 = 3.2 𝐻𝐻𝐻𝐻. The air slope and

nitrogen slope are equal (with precision ~ 1%), indicating that the in-plane diffusivities

are equal. That these slopes are 30% smaller than the value measured in vacuum reflects

the fact that measurements in air or nitrogen include effects of the diffusivity of surface
layers of air or nitrogen. The thermal diffusivity results are summarized in Table (3.1).

N2: slope = 2.07

4.5
4.0

air:
slope = 2.06

3.5
3.0

vacuum: slope = 2.87

4.6

4.8

5.0

5.2

5.4

Figure 3. 7 Comparison of the in-plane thermal diffusivity measurements of a 1:6 sample
in air, vacuum, and dry nitrogen at 𝑓𝑓 = 3.2 𝐻𝐻𝐻𝐻. Smaller slopes in air and dry nitrogen
indicate larger thermal diffusivity due to the effects of surface layers of air or dry nitrogen.
Table 3. 1 Comparison of the longitudinal thermal diffusivity of a 1:6 sample measured
in vacuum with the effective measured thermal diffusivity of the sample in air and dry
nitrogen. The error bars reflect the variations in slopes.

𝑫𝑫𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍

Air
(hydrated)

Dry nitrogen
(dehydrated)

Vacuum
(dehydrated)

0.74 ± 0.02 𝑚𝑚𝑚𝑚2 /𝑠𝑠

0.73 ± 0.02 𝑚𝑚𝑚𝑚2 /𝑠𝑠

0.38 ± 0.02 𝑚𝑚𝑚𝑚2 /𝑠𝑠

Since the thermal diffusivities for air and dry nitrogen are equal (within 1%):
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�𝐷𝐷𝑑𝑑𝑑𝑑ℎ𝑦𝑦𝑦𝑦 − 𝐷𝐷ℎ𝑦𝑦𝑦𝑦 �
< 6%
𝐷𝐷ℎ𝑦𝑦𝑦𝑦

(3. 15)

For the sulfuric acid-treated film, with low hydrophilic PSS content, discussed in
Section 3.5.1, there was no evidence that the samples dehydrated in vacuum, so did not
check for this effect.
3.5.3 Multiwall carbon nanotube (MWCNT)/polyvinylpyrrolidone (PVP) composite
films on a substrate
We also used the analysis presented in Section 3.3 for the multilayered materials to
investigate the in-plane thermal diffusivity in MWCNT/PVP composite films (see Section
5.3 for more details about this material) sprayed on the PET substrate. The measurements
were conducted under vacuum at room temperature and the effective thermal diffusivity,
𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 , was measured for three samples of the composite film containing 40 wt.% MWCNT
in PVP on an ~50 𝜇𝜇𝜇𝜇 PET substrate at three different frequencies as shown in Figure

(3.7). The error bars represent the uncertainty in the slope, and by averaging over all the
data points we obtained 𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 = 0.29 ± 0.03 𝑚𝑚𝑚𝑚2 /𝑠𝑠. Table (3.2) presents some of the
physical and thermal properties of the composite films and the substrate which along with
Eq. (3.13) can be used to obtain the longitudinal thermal diffusivity of the MWCNT/PVP
composite film.
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Figure 3. 8 Measurements of the longitudinal effective thermal diffusivity of three samples
of MWCNT/PVP composite film on PET substrate at three different frequencies.

𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =

𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 × �𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃 × 𝑐𝑐𝑃𝑃𝑃𝑃𝑃𝑃 + 𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × 𝑐𝑐𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 � − 𝐷𝐷𝑃𝑃𝑃𝑃𝑃𝑃 × 𝑐𝑐𝑃𝑃𝑃𝑃𝑃𝑃 × 𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃
𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × 𝑐𝑐𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

(3. 16)

𝑐𝑐𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 in Eq. (3.16) is calculated based on the values of the specific heat (𝐶𝐶), density (𝜌𝜌),
and the mass fraction (𝑚𝑚) of the MWCNT and PVP in the composite film( values are given

in Table 3.2),

𝑐𝑐𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =

(𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 × 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + 𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃 × 𝑚𝑚𝑃𝑃𝑃𝑃𝑃𝑃 )
𝑚𝑚
𝑚𝑚
( 𝜌𝜌 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + 𝜌𝜌 𝑃𝑃𝑃𝑃𝑃𝑃 )
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
𝑃𝑃𝑃𝑃𝑃𝑃

(3. 17)

Substituting the values of heat-capacities/volume and thicknesses in Eq. (3.16) yields the
longitudinal thermal diffusivity of the 40 wt.% MWCNT/PVP composite film of 𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ≈
2.59 𝑚𝑚𝑚𝑚2 /𝑠𝑠 .
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Table 3. 2 The values of heat capacity per unit volume (𝑐𝑐) and thickness of PET and the
MWCNT/PVP composite films. The value of (𝑐𝑐) for the composite film is calculated based
on the specific heat, density, and the mass fraction of MWCNT and PVP in the composite
film. Also included in the table is the thermal diffusivity of PET substrate [36, 37, 38, 39].

MWCNT
PVP

(40 wt.%)
MWCNT/PVP
PET

𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 (𝝆𝝆)

𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉 (𝑪𝑪)

𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇

~ 1.2 𝑔𝑔/𝑐𝑐𝑚𝑚3

~ 1.54 𝐽𝐽/𝑔𝑔℃

0.6

~1.3 𝑔𝑔/𝑐𝑐𝑚𝑚3

𝑇𝑇ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (𝑑𝑑)

(6.2 ± 0.8) 𝜇𝜇𝜇𝜇

~ 0.75 𝐽𝐽/𝑔𝑔℃

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐/𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 (𝑐𝑐)
~ 1.52

(49.4 ± 1.2) 𝜇𝜇𝜇𝜇

~ 1.47
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𝐽𝐽
𝑐𝑐𝑚𝑚3 ℃
𝐽𝐽
𝑐𝑐𝑚𝑚3 ℃

0.4

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 (𝐷𝐷)

0.0014 𝑐𝑐𝑚𝑚2 /𝑠𝑠

CHAPTER 4.

SELF HEATER-THERMOMETER FOR THERMAL
CONDUCTIVITY MEASUREMENTS

4.1

Analysis of the technique
This chapter includes measurements of the thermal and electrical conductivities of

PEDOT:PSS fibers (see Section 5.1.3 for more details) using a self-heating technique
discussed by Flynn, [40] in which the sample is heated throughout its volume by Joule
heating due to passage of an electrical current. The different types of electrical-heating
methods are classified into two groups. In the first group, heat can only be exchanged
through the surfaces through which the electrical current enters and leaves, and no flow of
heat or electrical current is allowed through the other surfaces by keeping them insulated.
This allows relating thermal potentials (temperatures) to electrical potentials (voltages)
without considering the geometry of the sample. In the second group, the boundary of the
sample is only an electrical barrier; therefore, heat sources or sinks exist. In such a case, it
is necessary to take the specific geometry of the sample into account. In general, if a sample
with cross-sectional area A, perimeter 𝑝𝑝 and local resistivity 𝜌𝜌 is electrically heated, the
steady-state temperature distribution of the sample is described by the energy and heat
continuity equation with sources and sinks, [40, 41]

𝐴𝐴 𝐽𝐽⃗. �𝜌𝜌 𝐽𝐽⃗ − 𝜏𝜏 ∇𝑇𝑇 � + ∇. (𝜅𝜅 𝐴𝐴 ∇𝑇𝑇) − 𝑝𝑝𝑝𝑝 = 0

(4. 1)

where 𝐽𝐽⃗, 𝜏𝜏 and 𝑓𝑓 are electrical current density, Thomson coefficient, and heat loss per unit

area from the lateral surface of the sample, respectively. Since the Thomson effect is small
compared to the conduction term for most cases of interest (𝐴𝐴 𝐽𝐽⃗. 𝜏𝜏∇𝑇𝑇 ≪ ∇. (𝜅𝜅 𝐴𝐴 ∇𝑇𝑇)), we
only consider solutions including the first order of the term rising from the Thomson effect.

In order to avoid complications, we assume the sample is uniform with the shape of a thin
rod for which the temperature gradient and potential differences normal to the length of the
sample are negligible; therefore the heat flow and the electrical current is approximately
one-dimensional along the length (𝐿𝐿) of the sample (𝑥𝑥 direction). Keeping the ends of the
sample grounded (at temperature 𝑇𝑇0 ) brings symmetry to the problem which along with the

above assumptions implies that the extremum in the temperature distribution occurs in the
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middle of the sample; hence the Thomson effect cancels to first order in the temperature
rise in the sample since ∇𝑇𝑇 has different signs at each half-length. Also, for small currents

(< ~100 𝜇𝜇𝜇𝜇), thermal expansion effects can be neglected in the perimeter and cross-

section of the sample, and the temperature dependence of 𝜅𝜅 is small enough that it can be
treated as a constant.

𝜌𝜌 2
𝜕𝜕 2 𝑇𝑇(𝑥𝑥)
𝐼𝐼 + 𝐴𝐴 𝜅𝜅
− 𝑝𝑝𝑝𝑝 = 0
𝐴𝐴
𝜕𝜕𝑥𝑥 2

(4. 2)

On the other hand, electrical resistivity depends on the temperature. We take
𝜌𝜌(𝑇𝑇) ≈ 𝜌𝜌0 + 𝛽𝛽(𝑇𝑇 − 𝑇𝑇0 )
𝛽𝛽 =

𝜕𝜕𝜕𝜕
�
𝜕𝜕𝜕𝜕 𝑇𝑇=𝑇𝑇0

(4.3)
(4.4)

where 𝜌𝜌0 is the resistivity at 𝑇𝑇0 , and 𝛽𝛽 can be positive (metallic-like resistivity) or negative

(activated resistivity). Also, since all of our measurements are done in vacuum, only heat
loss due to Boltzmann radiation is considered, for which
𝑓𝑓 = 𝜎𝜎 𝜀𝜀 (𝑇𝑇 4 − 𝑇𝑇04 )

𝑓𝑓 ≅ 4𝜎𝜎 𝜀𝜀 𝑇𝑇03 (𝑇𝑇 − 𝑇𝑇0 )

(4.5)
(4.6)

where 𝜎𝜎 = 5.6697 × 1012 𝑊𝑊/𝐾𝐾 4 . 𝑐𝑐𝑚𝑚2 is the Stefan-Boltzmann constant and 𝜀𝜀 is the
emissivity. Substituting 𝜌𝜌 to the first order in 𝛽𝛽, and Eq. (4.6) into Eq. (4.2), results in
𝜌𝜌0 + 𝛽𝛽(𝑇𝑇 − 𝑇𝑇0 ) 2
𝜕𝜕 2 𝑇𝑇(𝑥𝑥)
𝐼𝐼 + 𝜅𝜅𝜅𝜅
− 4𝑝𝑝𝑝𝑝𝑝𝑝 𝑇𝑇03 (𝑇𝑇(𝑥𝑥) − 𝑇𝑇0 ) = 0
𝐴𝐴
𝜕𝜕𝑥𝑥 2

(4.7)

If the radiation can be ignored (e.g. 𝜀𝜀 = 0), solving Eq. (4.7) for 𝑇𝑇(𝑥𝑥) with the boundary
𝐿𝐿

condition 𝑇𝑇 �± 2� = 𝑇𝑇0 yields

𝑇𝑇(𝑥𝑥) = 𝑇𝑇0 +

𝐵𝐵 𝐿𝐿 2
�� � − 𝑥𝑥 2 �
2 2
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(4.8)

and more generally,

where

and

𝑇𝑇(𝑥𝑥) = 𝑇𝑇0 + �

𝐶𝐶𝐶𝐶𝐶𝐶ℎ(𝛼𝛼𝛼𝛼)
Β
�
�1
−
�
𝛼𝛼𝛼𝛼
𝛼𝛼 2
𝐶𝐶𝐶𝐶𝐶𝐶ℎ � �
2

Β≡

𝐼𝐼 2 𝜌𝜌0
[𝜅𝜅 𝐴𝐴2 ]

𝑇𝑇03
𝐼𝐼 2 𝛽𝛽
1
𝛼𝛼 ≡ 4𝑝𝑝 𝜎𝜎𝜎𝜎
−
≡ (𝑎𝑎1 − 𝐼𝐼 2 𝑎𝑎2 )
2
𝐴𝐴𝐴𝐴
𝜅𝜅𝐴𝐴
𝜅𝜅
2

(4.9)

(4.10)

(4.11)

If direct current, 𝐼𝐼, passes through the sample, the electrical resistance between the two
ends of the sample (𝑅𝑅) is given by

𝐿𝐿

1 2
𝑅𝑅 = � 𝜌𝜌(𝑥𝑥) 𝑑𝑑𝑑𝑑
𝐴𝐴 −𝐿𝐿

(4.12)

2

Substituting Eq. (4.9) into Eq. (4.3), and carrying out the above integration over the length
of the sample we obtain

𝑅𝑅 =

𝜌𝜌0 𝐿𝐿 2𝛽𝛽Β 𝛼𝛼𝛼𝛼
𝛼𝛼𝛼𝛼
�
��
+
�
−
Tanh
𝐴𝐴
Aα3 2
2

= 𝑅𝑅0 + 2 𝐼𝐼 2 𝑅𝑅0

𝑑𝑑𝑑𝑑
1
𝛼𝛼𝛼𝛼
𝛼𝛼𝛼𝛼
� − 𝑇𝑇𝑇𝑇𝑇𝑇ℎ � ��
2
3
𝑑𝑑𝑑𝑑 𝜅𝜅 𝐿𝐿 𝛼𝛼 𝐴𝐴 2
2

(4.13)

where 𝑅𝑅0 ≡ 𝜌𝜌0 𝐿𝐿/𝐴𝐴 is the value 𝑅𝑅 would have if the sample were uniformly at the
temperature 𝑇𝑇0 , when there is no self-heating. Utilizing Eq. (4.11), the first derivative of

Eq. (4.13) with respect to 𝐼𝐼 2 yields
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𝛼𝛼𝛼𝛼
𝑑𝑑𝑑𝑑
𝑇𝑇𝑇𝑇𝑇𝑇ℎ � 2 �
𝑅𝑅0
𝑑𝑑𝑑𝑑
1
𝑑𝑑𝑑𝑑
�
=
��𝑎𝑎1 + 𝑎𝑎2 𝐼𝐼 2 � �1 −
𝛼𝛼𝛼𝛼
𝑑𝑑𝐼𝐼 2 𝐿𝐿 𝐴𝐴 (𝑎𝑎1 − 𝑎𝑎2 𝐼𝐼 2 )2
2
2
1
𝛼𝛼𝛼𝛼
− 𝐼𝐼 2 𝑎𝑎2 𝑇𝑇𝑇𝑇𝑇𝑇ℎ2 � ��
2
2

(4.14)

All the quantities in Eq. (4.14) are directly measurable except for 𝜀𝜀 and 𝜅𝜅, therefore it can
be used to evaluate the values of 𝜅𝜅 for the extreme case of 𝜀𝜀 = 1. After solving Eq. (4.14)
for 𝛼𝛼, thermal conductivity can be obtained from

1
𝑇𝑇03
𝑑𝑑𝑑𝑑 1
𝜅𝜅 = 2 �4 𝑝𝑝 𝜎𝜎 𝜀𝜀
− 𝐼𝐼 2
�
𝛼𝛼
𝐴𝐴
𝑑𝑑𝑑𝑑 𝐿𝐿𝐿𝐿

(4.15)

If the radiation effect is negligible (𝜀𝜀 ≈ 0 ), substituting Eq. (4.8) into Eq. (4.3) and
evaluating the integral of Eq. (4.12) gives

𝑅𝑅 ≈ 𝑅𝑅0 (1 +

𝜕𝜕𝜕𝜕 𝐼𝐼 2 𝐿𝐿
)
𝜕𝜕𝜕𝜕 12𝜅𝜅𝜅𝜅

(4.16)

and the thermal conductivity can be obtained from the current dependence of the resistance.

𝜅𝜅 ≈
4.2

Experimental setup

𝜕𝜕𝜕𝜕
𝐿𝐿𝑅𝑅0
𝜕𝜕𝜕𝜕 12𝐴𝐴 � 𝜕𝜕𝜕𝜕 �
𝜕𝜕𝐼𝐼 2

(4.17)

Our samples were mounted for 4-probe resistance measurements, with inner
contacts separated by 𝑑𝑑 = 5 − 7 𝑚𝑚𝑚𝑚, on four indium pedestals on a sapphire substrate

with small drops of melted indium. A schematic top view of the header is shown in Figure
(4.1). The resistances of the sample were found to be stable and the contact resistances,

determined by comparison of measured 2-probe and 4-probe resistances, were generally <
1% of the resistance. Eq. (4.15) assume that there is negligible heating at the contacts and
that the sample is thermally grounded at the contacts. To check for this, we compared
values of 𝑑𝑑𝑑𝑑/𝑑𝑑𝐼𝐼 2 measured with the normal 4-probe configuration, in which current is
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applied at the outer contacts and voltage measured at the inner, and an “inverted”
configuration, in which current and voltage contacts are switched. If the inner contacts did
not thermally ground the sample, the change in resistance would be smaller for the inverted
configuration. However, we always obtained identical results within the noise for the two
configurations, as shown for two samples in Figure (4.2).

Figure 4. 1 Schematic of the experimental arrangement for 4-probe resistance
measurements. In order to reduce the radiation effects, a Brass cap internally covered with
multilayers of superinsulation is placed on top of the copper plate.

Figure 4. 2 Comparison of the current dependence of the resistance for two fibers in the
“normal” leads configuration, with “inverted”, in which the voltage and current leads are
switched. If the sample was not thermally grounded well by the indium posts, the two
results would differ.
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4.3

Measurements on PEDOT:PSS fibers
Sarabia-Riquelme et al. [42] have succeeded in using a continuous wet-spinning

process for the fabrication of PEDOT:PSS fibers, 10 𝜇𝜇𝜇𝜇 in diameter, with high electrical

conductivity and excellent mechanical properties by including a stage in which they are
drawn through dimethyl sulfoxide (more details about the fabrication process and the
applications are discussed in Section 5.1.3. The longitudinal thermal conductivities (κ)
were measured for 3-4 samples from each total draw value using the self-heating technique
explained above. A typical temperature dependence of the resistance of our samples is
shown in Figure (4.3). The measurements were done for presumably dehydrated samples

in vacuum (~ 5 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚). The temperature dependence of samples from all spools with
different total draw value were similar, with the ratios R(78 K)/R(300 K) varying between

1.32 and 1.38 for all samples. Note that the slope dR/dT becomes small near room

temperature and changes sign at higher temperatures (not shown), where the resistance
value becomes history-dependent.

Figure 4. 3 Typical temperature dependence of the resistance in vacuum for four different
samples with different draw ratios.
In Figure (4.4) the temperature dependence of the resistance was fitted using a one
dimensional (1D) variable range hopping (VRH) model, which is described as
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1

𝑇𝑇0 2
𝑅𝑅 ∝ 𝑒𝑒𝑒𝑒𝑒𝑒 � � � �
𝑇𝑇

(4.18)

Figure 4. 4 blue crosses: typical temperature dependence of the resistance normalized to
its (vacuum) room temperature value; red curve: fit to 1D VRH with hopping parameter T0
= 32 K.

where 𝑇𝑇0 can be interpreted as an effective energy separation between localized states. The

1D VRH model has been previously used to describe transport in PEDOT:PSS pristine
films and films treated with dimethyl sulfoxide [43], as well as treated with ethylene glycol

[44]. In the latter case, a value for 𝑇𝑇0 of 360 K was obtained. We obtain a value for 𝑇𝑇0 of

32 K, which is an order of magnitude smaller, implying a much lower energy barrier for

hopping between conducting grains. The weak overall temperature dependence suggests

that the electrical conduction mechanism is predominantly metallic conductivity in the
heavily doped, crystalline PEDOT domains moderated by hopping between domains
through thin insulating PSS barriers which are much thinner than usually found in
PEDOT:PSS. It is therefore interesting that the temperature dependences are very similar
for samples with different draw values and room temperature conductivities. We
emphasize, however, that the temperature-dependent measurements are for samples in
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vacuum, for which the sample is presumably dehydrated. In fact, the room temperature
resistance of samples (reversibly) increased by between 5% and 11% between ambient
atmosphere and vacuum. As shown in Figure (4.3), dR/dT goes to zero near room
temperature and the uncertainty associated with thermal radiation here is large (>100%),
so measurements were instead made at liquid nitrogen temperature, where the radiation
uncertainty is ~ ± 3%. The effect of radiation is shown in Figure (4.5) in the comparison
of the thermal conductivity at different temperatures for one of the samples with total drow
value of 2.36, using Eq. (4.15) for the case of maximum radiation (𝜀𝜀 = 1), and Eq. (4.17)

while neglecting the radiation effect (𝜀𝜀 = 0). Also shown in the figure is the electronic

thermal conductivity calculated from the Widemann- Franz law.

Figure 4. 5 Comparison of the thermal conductivity at different temperatures for the two
cases of maximum radiation (blue) and negligible radiation (red) for a sample with total
draw ratio of 2.36. The electronic contribution to the thermal conductivity is also shown
with cross symbols.
The results for all the samples with different total draw ratio are shown in Figure
(4.6), at liquid nitrogen temperature and in vacuum. Here the error bars include
uncertainties due to thermal radiation and length uncertainties (typically ~ ± 10%) but are
dominated by different results for samples from spools of each draw. The most likely cause
of these differences are damages in samples, possibly caused when mounting the samples,
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in which case the largest value for each spool may be the best estimate. The average thermal
conductivity for each total draw is also presented, Figure (4.6b), while the error bars were
obtained from the standard deviation.

(a)

(b)

Figure 4. 6 (a) Results for three samples of each spool with different draw ratios, at T =
78 K and in vacuum. (b) The average result for each total ratio is compared with the
electronic thermal conductivity calculated from L0 σT. For the electronic part, the error bars
mostly reflect the uncertainties in specimen length.
The measured thermal conductivities at liquid nitrogen temperature ( 2 −

6 𝑊𝑊𝑚𝑚−1 𝐾𝐾 −1) are an order of magnitude larger than conventionally found for PEDOT:PSS
films at room temperature (typically between 0.2 and 0.6 𝑊𝑊𝑚𝑚−1 𝐾𝐾 −1 [43, 45]. These

results reflect the preferred orientation of both the PEDOT crystallites and PSS chains in
the fiber axis direction as opposed to the random orientation typically found in films. Like
the electrical conductivities, the thermal conductivity of the spool with total draw 1.58,
which was not stretched through a DMSO bath, is smaller than that of the other three
spools. For all spools, the measured total thermal conductivity is about a factor of 20 larger
than the electronic thermal conductivity calculated from the Wiedemann-Franz law using
the Sommerfeld value for 𝐿𝐿0 , which could be indicating that the lattice contribution

dominated despite the large electrical conductivities observed. However, it must be noted
here that there are precedents where the Lorenz value 𝐿𝐿 deviates from 𝐿𝐿0 for PEDOT
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samples [46], and therefore, whether the thermal conductivity observed is dominated by
phonon or electronic transport is still unclear and is under further investigation.
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CHAPTER 5.

OVERVIEW OF THE MEASURED MATERIALS AND THEIR
APPLICATIONS

Our research mainly focuses on the measurements of the thermal conductivity of
organic semiconductors. The basis of the difference between these materials and their
inorganic counterparts relies on the fact that organic semiconductor solids form as a result
of Van der Waals interactions between molecules, whereas in inorganic semiconductors,
the atoms are connected by covalent bonds. The bonding energy of inorganic
semiconductors are on the order of ~ eV; consequently, they have high melting points and
are hard and brittle. Van der Waals forces, on the other hand, are weaker (bond energy ~

10 meV) [47] which gives rise to a relatively lower melting point and flexibility in the
organic semiconductors. Inorganic semiconductors obey the typical band theory in which
the behavior of a semiconductor is determined by the gap between the almost-filled valence
band and the almost-empty conduction band (bands are composed of closely spaced
orbitals, as shown in Figure (5.1)). Conversely, the occupied and unoccupied molecular
orbitals (MOs) in organic semiconductors are not tightly packed. Figure (5.1) displays the
comparison of the energy level diagram between inorganic (a) and organic (b)
semiconductors. Organic semiconductors are primarily 𝜋𝜋-conjugated systems, in which

there are three 𝜎𝜎-bonds between neighboring carbon atoms (𝑠𝑠𝑝𝑝2 hybrid configuration is
relevant) while the remaining 𝑝𝑝𝑧𝑧 orbitals engage in 𝜋𝜋-conjugation. 𝜋𝜋 electrons can move

relatively free in organic compounds, which results in conducting electricity and
performing as semiconductors. Conjugated organic molecules are classified based on their
molecular weight into the two groups of small molecules and polymers. The two groups
have been extensively studied because of their potential for flexible and low-cost
electronics with adjustable physical and electrical properties.
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Figure 5. 1 Energy band diagram of inorganic semiconductors (a) vs. energy level diagram
of organic semiconductors (b). HOMO and LUMO stand for highest occupied molecular
orbital and lowest occupied molecular orbital respectively [48.
5.1

PEDOT:PSS
Poly(3,4-ethylene-dioxythiophene): polystyrenesulfonic acid (PEDOT:PSS) is a

polymer blend of two polymers, see Figure (5.2a). PEDOT is a p-doped semiconducting
material where the positive charges are compensated by negatively charged sulfonate ions
in the otherwise electrical insulating polymer PSS [49]. Pristine PEDOT:PSS is composed
of ordered PEDOT:PSS domains of high conductivity separated with disordered domains
rich in PSS, Figure (5.2b). The electrical conductivity of PEDOT:PSS can be greatly
affected by post-treatments as well as the relative concentrations of PEDOT and PSS. For
instance, the removal of excessive PSS from PEDOT:PSS using sulfuric acid treatment
enhances the electrical conductivity by improving the crystallinity and conductivity of the
ordered domains, see Figure (5.2c). PEDOT:PSS is one of the most successful conducting
organic materials and has proven useful in a variety of applications such as transparent
electrodes (e.g. in touch screens, OLED and solar cells), antistatic coating, electrochromic
pixels, supercapacitors, bolometers, and thermoelectric generators [14, 50, 51].
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Figure 5. 2 (a) Chemical structure of PEDOT:PSS; (b) Molecular arrangement of pristine,
(c) Acid-treated PEDOT:PSS[52].
The following subsections present some of the proposed applications of PEDOT:PSS
samples for which we measured thermal conductivities.

5.1.1 A Free-standing High-Output Power Density Thermoelectric
Thermoelectric (TE) materials directly converting heat into electrical energy have
received widespread attention nowadays due to their huge potential for applications in
harvesting various types of wasted heat energy. The performance of a thermoelectric
material is generally valued by the dimensionless thermoelectric figure of merit; 𝑍𝑍𝑍𝑍 ,

defined as 𝑍𝑍𝑍𝑍 = 𝑆𝑆 2 𝜎𝜎𝜎𝜎/𝜅𝜅, where S is the Seebeck coefficient, σ the electrical conductivity,

and κ the thermal conductivity. It is straightforward to have a high 𝑍𝑍𝑍𝑍 by choosing a
thermoelectric material possessing a high S and σ, but a low κ. However, the three
parameters are not independent of each other but are interrelated by carrier concentration
and charge transporting mode.
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Among the conducting polymers, PEDOT based materials are the most explored
due to their environmental stability, aqueous solution processability, high σ of over
103 𝑆𝑆. 𝑐𝑐𝑚𝑚−1 , and low κ. However, from an application point of view, not only are the

thermoelectric properties of materials important, but also of concern are the output power

density, thermal stability, and geometry of thermoelectric generators or modules. From the
perspective of applications, thermoelectric generators (TEGs) containing a large number
of thermoelectric generating units connected in series are needed to achieve considerable
power output. Hard or flexible substrates supporting thin PEDOT films in TEGs not only
cause heat leakage [14, 26] but also limit the output power density from the modules
because of the small ratios of PEDOT film thicknesses (≈100 nm) to substrate thicknesses.
Therefore, thick free-standing high conducting PEDOT:PSS films are highly desired for
achieving high power density TEGs via involving less or even no supporting substrates. Li
et al [14] (our collaborators at Linkoping university) have succeeded in fabricating a freestanding high-output power density thermoelectric TE device based on a highly conductive
(≈ 2500 𝑆𝑆 𝑐𝑐𝑚𝑚−1 ) structure-ordered free-standing PEDOT:PSS film with a Seebeck

coefficient of 20.6 𝜇𝜇𝜇𝜇 𝐾𝐾 −1 , an in-plane thermal conductivity of 0.64 𝑊𝑊 𝑚𝑚−1 𝐾𝐾 −1, and a

peak power factor of 107 𝜇𝜇𝜇𝜇 𝐾𝐾 −2 𝑚𝑚−1 at room temperature (Figure (5.3)). Under a small
temperature gradient of 29 K, the TE device demonstrates a maximum output power

density of 99 ± 18.7 𝜇𝜇𝜇𝜇 𝑐𝑐𝑚𝑚−2 , which is the highest value achieved in pristine
PEDOT:PSS based TE devices. In addition, fivefold output power is demonstrated by

series connecting five devices into a flexible thermoelectric module. The simplicity of
assembling the films into flexible thermoelectric modules, the low out-of-plane thermal

conductivity of 0.27 𝑊𝑊 𝑚𝑚−1 𝐾𝐾 −1, and the free-standing feature indicates the potential to

integrate the FS-PEDOT:PSS TE modules with textiles to power wearable electronics by
harvesting human body’s heat.
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Figure 5. 3 (a) A free-standing TE device based on free-standing PEDOT:PSS film. b)
Power output per cross-section area of the free-standing TE device. The inset is a
photograph of the free-standing TEG device. The length of the device between the heat and
cold source is L = 1.5 cm, film width is 0.4 cm, and the thickness of the film device is 3
μm. The load resistance is 7 Ω, which is the same as the film so that the output power could
reach a maximum value. c) The voltage–temperature gradient characteristics of the free
standing-PEDOT:PSS-based single component and module; the inset is the photograph of
the module.
5.1.2 Conducting polymer bolometers for IR-detection systems
It is demonstrated that conducting polymers can be integrated into bolometers for
IR detection. A bolometer is a thermally isolated thin device that absorbs IR radiation and
translates the resulting temperature change into a change in electrical resistance. While
commercial bolometers are usually made of complex architectures comprising several
materials (that is, an IR absorbing layer, a conducting layer, and a thermally insulating
layer as shown in Figure (5.4)), the first polymer bolometer was demonstrated with a
freestanding layer of PEDOT:PSS having high IR absorption, low thermal conductivity,
and good thermistor action in one single layer. The solution processability of conducting
polymers, their compatibility with high-resolution printing technologies, and their unique
combination of optoelectronic properties can lead to a breakthrough for low-cost uncooled
IR cameras, which are in high demand for security and safety applications.
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Figure 5. 4 Traditional bolometer device structure of stacked layers for the sensing
functions, thermal insulation, and in some cases an interlayer for electrical separation or
thermal connection. The proposed organic bolometer appears to offer all functions in one
material and thus a simpler device structure.
5.1.3 PEDOT:PSS fibers
New electrically conducting and mechanically robust fibers and yarns are needed
as building blocks for emerging textile devices. As mentioned in Section 4.3 SarabiaRiquelme and Matt Weisenberger [53] (our collaborators at UK’s Center for Applied
Energy Research) have succeeded in drawing PEDOT:PSS into fibers with diameters ~ 10
μm. Production of such fibers is the first step into producing an electronic or thermoelectric
fabric. The system illustrated in Figure (5.5) describes a continuous wet-spinning process
for the fabrication of PEDOT:PSS fibers with high electrical conductivity, excellent
mechanical properties (Young’s modulus ~ 12 Gpa, comparable to wood, with a breaking
strain ~ 5%), and moderate thermoelectric performance by including a drawing stage in
dimethyl sulfoxide (DMSO). Drawing the fibers induced preferential orientation of the
polymer chains in the fiber axis direction. With increased drawing, the room temperature
electrical conductivity saturated at approximately 2000 𝑆𝑆 𝑐𝑐𝑚𝑚−1. The Seebeck coefficient

was found to be rather constant with drawing. Therefore, the thermoelectric power factor
saturated with applied draw between 40 and 50 𝜇𝜇𝜇𝜇𝑚𝑚−1 𝐾𝐾 −2. The thermal conductivities

of the drawn fibers were measured between 4 and 5 𝑊𝑊 𝑚𝑚−1 𝐾𝐾 −1 at liquid nitrogen

temperatures. Although the relatively high thermal conductivity negatively affects the
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ultimate thermoelectric performance, it can be beneficial for other applications such as in
electrical interconnections.

Figure 5. 5 Scheme of the continuous wet-spinning process for the fabrication of
PEDOT:PSS fibers. Insets are (a) image of fiber formation in the coagulation bath (scale
bar is 10 mm) and (b) image of dried fiber before entering the DMSO draw bath (scale bar
is 2 mm). The diameter of the fiber at this point is around 10 μm. (c) Image of the same
fiber as in panel b swollen by DMSO after exiting the DMSO draw bath (scale bar is 2
mm). (d) Image of fiber on a PTFE spool of 26 mm diameter.

5.2

TIPS-pentacene
The small-molecule organic semiconductor 6,13-bis(triisopropylsilylethynyl)

pentacene (TIPS-pn) which has been designed as a modification to the insoluble and
herringbone-structured pentacene, has received a lot of attention because of the ease with
which it can be cast from solution into self-assembled films, e.g., for use in thin-film
transistors. In the crystal, as shown in Figure (5.6), the pentacene backbones form a
brickwork pattern in the ab-plane, with the TIPS side groups projecting along the interlayer,
(approximate) c-axis direction [54, 55]. The addition of two bulky side groups on both
sides of the pentacene unit is responsible for the good solubility of TIPS pentacene in
common organic solvents. Well-ordered films, with c approximately normal to the
substrate, can be prepared by a number of techniques, including solution casting [56], dipcoating [57], ink-jet printing [58], and solution shearing [59], for which films with charge
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carrier (hole) mobilities >10 𝑐𝑐𝑚𝑚2 /𝑉𝑉𝑠𝑠 were obtained. The optimized 𝜋𝜋 − 𝜋𝜋 stacking due to
having the two TIPS side groups can count for the improvement in the charge carrier
mobility between the individual acene units [56].

Figure 5. 6 Molecular structure of 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-pn)
(left). Pentacene backbone form a brick layer structure in the a-b plane with TIPS side
groups projecting approximately along c axis (right).

5.3 Multiwall carbon nanotubes in polyvinylpyrrolidone
Building an organic thermoelectric architecture requires two materials with
different Seebeck coefficients. The efficiency of a thermoelectric device highly depends
on the difference between the Seebeck coefficient of these two materials. Therefore, the
performance of the device can be improved by utilizing high performance p-type (hole
transporting, positive Seebeck coefficient) and n-type (electron transporting, negative
Seebeck coefficient) materials. Although the thermoelectric performance of p-type organic
materials is greatly advancing [60, 61], their n-type counterpart has not benefited from the
same level of innovation owing to the challenges in finding stable doping strategies, as
organic semiconductors generally have small electron affinities [62]. Consequently, very
few materials have been recognized as n-type organic thermoelectrics. Also, to realize
flexible, low-cost and large-area thermoelectric modules, it is essential for the materials to
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be amendable for solution- processing. Utilizing doped carbon nanotubes (CNTs) is one of
the promising approaches to n-type organic thermoelectric materials [63]. Single- wall
CNTs (SWCNTs) can become hole-doped in the presence of adsorbed oxygen, therefore,
SWCNTs typically exhibit p-type behavior in air [64]. However, this behavior can be
altered by new doping reagents with electron donor groups to convert SWCNTs to stable
n-type materials. Poly(vinylpyrrolidone) (PVP), poly(ethyleneimine) (PEI) and
triphenylphosphine (tpp) have been reported to be able to change the majority of charge
carrier in SWCNTs and switch it to n-type material [65, 66, 67].
In Section 3.5.3, we presented our results for the measurements of the in-plane
thermal diffusivity of multiwall carbon nanotube (MWCNT)/ (PVP ) composite films on
a substrate. MWCNTs are used since they are much cheaper than SWCNTs. The films are
prepared by simply dispersing the MWCNTs and PVP in water and spraying the composite
onto a substrate. A switch in the Seebeck coefficient of the MWCNTs from positive to
negative is reported [53] which implies that MWCNTs/PVP can be considered as a
potential n-type organic material.
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CHAPTER 6.

CRYSTAL GROWTH

Organic semiconductors appear in various electronic applications such as organic
field-effect transistors (OFETs) [68], organic light-emitting diodes [69], and organic solar
cells [70], usually in the form of thin films. Different techniques can be used in the
production of polycrystalline organic thin films suitable for the fabrication of organic
electronics, however, the intrinsic properties of organic semiconductors cannot be properly
investigated using polycrystalline films due to effects of impurities [71], grain boundaries
[72], defects [73], and dislocations [74]. On the other hand, organic single crystals provide
an ideal platform to probe the intrinsic physical properties of organic semiconductors since
they can be prepared with high purity and low density of defects [75-78].
As discussed in chapter 2, we conducted measurements of the thermal diffusivity
on the organic small molecule semiconductor TIPS-pentacene single crystals. The
technique we used required the crystals to have uniform thicknesses, however, TIPSpentacene crystals tend to grow as needles while the thicker and wider crystals usually have
steps on their surfaces and are not uniform in the thickness. Also, as mentioned before the
technique is valid only if the heat flow is one-dimensional in the sample. In order to meet
the requirement, it is essential that the thickness of the crystals be at least an order of
magnitude smaller than their lateral dimensions. Therefore, we made some efforts to grow
our own TIPS-pentacene crystals suitable for our technique. This procedure demanded that
I acquire some knowledge about crystal growth, hence this section is devoted to some basic
concepts of crystal growing and presents some of our results.
6.1

Classification of crystal growth techniques
Crystal growth is basically a chemical process to form a homogeneous solid

substance that has a regular three-dimensional periodic arrangement. The applied crystal
growth techniques range from a simple inexpensive to a sophisticated expensive process
that might take minutes, hours or days to months. A preferred growth method for a
particular material is determined by the interaction between molecules and their individual
nature. A large number of organic crystal growth methods have been developed and most
of them are based on modified inorganic crystal growth techniques which can be simply
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classified by the type of phase transformation as shown in Table (6.1). In all the below
growth processes, the required condition for crystal growth is that supersaturation must
occur in the initial phase followed by a lowering of the free energy of the initial phase upon
nucleation and growth.
Table 6. 1 Classification of crystal growth techniques [79, 80].
Solid to solid phase
transformation
Polymorphic phase
change

Vapor to solid phase
transformation

Liquid to solid phase
transformation

Physical vapor transport

Solution growth

Devitrification

Chemical vapor transport

Melt growth

Strain annealing

Physical vapor deposition

Sintering

Chemical vapor
deposition

Quenching
6.1.1 Solid growth
Solid growth techniques can be generally considered as the conversion of
polycrystalline mass into a single crystal by applying different types of straining and heat
treatment techniques. A few example methods are listed in Table (6.1). These techniques
are most popular in growing large crystals of metals [81] and their main advantage is that
the methods allow for the crystals to grow at low temperatures and without the necessity
of other components.
6.1.2 Vapor growth
Vapor-phase growth mainly includes three basic techniques; (1) Sublimation or
evaporation of substance followed by condensation, (2) chemical vapor transport, (3)
chemical vapor deposition [79]. Some basic differentiating features between them are
chemical thermodynamics and mass transport of the species in the form of the gas phase
from the place of dissolution to the place of deposition. Vapor growth techniques are
especially useful for materials with a lack of a suitable solvent, or if the compound has a
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high vapor pressure and dissociates prior to melting (e.g. most of the organic
semiconductors), or if a thin film is required. These techniques have been extensively used
in the growth of both bulk crystals and single-crystal thin films [82]. The the latter case,
known as vapor-phase epitaxy, the films are typically deposited on crystalline substrates
and have found their greatest application in electronic and electro-optic devices.
Noteworthy methods among film deposition techniques are organometallic vapor-phase
epitaxy (OMVPE), molecular beam epitaxy (MBE), sputtering, etc. Bulk growth
techniques are typically classified into four categories as shown in Figure (6.1) [79, 82,
83]; physical vapor transport (PVT), chemical vapor transport (CVT), physical vapor
deposition (PVD) and chemical vapor deposition (CVD). The first two are closed system
techniques and the latter two are open system techniques. In both PVT and PVD techniques
(or simply sublimation-condensation) the crystal is grown from its own vapor; therefore,
the techniques can be used for materials with vapor pressures greater than 10−2 torr at

some feasible temperatures. If the vapor pressure is not high enough at convenient
temperatures, then CVT/CVD methods may be possible in which the compound is
chemically converted into a volatile species and either dispersed or transported by a carrier
agent to the deposition zone, where the reversed chemical reactions take place for the
desired bulk crystals or thin oriented films to grow. Since CVT is a closed system
technique, crystal growth can proceed in a reversible process as shown in Figure (6.1). The
basic chemical process can be done in an open system (CVD); however, the process is not
reversible and although bulk crystals can be grown by this technique, its most important
application is in the growth of epitaxial thin films [82].
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Figure 6. 1 Vapor growth techniques and schematics of their corresponding temperature
profiles: (a) Physical vapor transport: a closed system for sublimation- condensation of
component A by temperature gradient; (b) Physical vapor deposition: an open system in
which subliming A is transferred by the non-reacting agent from the sublimation place to
colder area of crystallization; (c) Chemical vapor transport: A reversible chemical reaction
between solid A and gas B is used in a closed system to volatilize the starting material, here
into C, and crystalized elsewhere. Solid and dashed temperature curves correspond to
endothermic and exothermic transport reactions respectively; (d) Chemical vapor
deposition: A mixture of gases, e.g. B and C, are injected into an open hot growth chamber
to form solid A and other gaseous products [83].
6.1.3 Liquid growth
A variety of processes of crystal growth proceeds via liquid phase which falls into
two main categories: growth from solution and growth from molten material. Melt growth
can be applied to materials which melt congruently without decomposition or experiencing
polymorphic transition at their melting point and exhibit low chemical activity. Single
crystals obtained from this technique are large with relatively high growth rates. Selection
of a particular melt growth technique is based upon the physical and chemical
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characteristics of the final crystal. Some of the popularly used melt growth techniques are
Bridgman method, Czochralski method, Kyropoulos method, Zone melting method and
Verneuil method [79].
Solution growth is, in fact, one of the oldest crystal growth techniques that not
only has technological applications but also is applied to the growth of a variety of
crystalline products for daily life such as the growth of foods, fertilizers, pesticides,
medicine, etc. In principle, the solution growth methods involve dissolving the material in
a liquid (or gel) medium and controlling the conditions in order to obtain the desired
crystals. Solution growth techniques can be classified as; high-temperature (up to 1000 ℃)

solution growth and low-temperature (close to room temperature) solution growth. Water,

various organic liquids or their mixtures, and molten chemical compounds and/or their
mixtures, are usually used as the solvent for the crystal growth of different substances. In
low- temperature solution growth, the solvents are typically water and organic liquids and
their mixtures which are all in the liquid state at normal laboratory pressure and
temperature conditions, while in high-temperature solution growth, the temperature must
be elevated in order to have the chemical compounds and/or their mixtures in the liquid
state as a solvent typically known as the flux. The highest possible growth temperature is
dictated by the boiling point of the solvent and it generally does not exceed 70-80 ℃ in

low-temperature growths and rarely exceeds 1200-1300 ℃ in high-temperature solution
growths [84]. Many metals, metal oxides, and other compounds are insoluble in room
temperature water but they display a significant solubility at high temperature and pressure.

The hydrothermal method is a high-temperature technique which utilizes water at high
temperature and pressure as the solvent. The largest known single crystal formed in nature
(Beryl crystal of >1000 kg) formed by the hydrothermal technique.
As mentioned earlier, supersaturation is the driving force for crystallization to
occur, and several types of techniques have been developed by which the supersaturation
can be obtained in the solution. Some of the common procedures, as shown in Figure (6.2),
are slow temperature reduction method, solvent evaporation method, vapor diffusion
method, and liquid-liquid diffusion method, and all are frequently applied in growing
organic semiconductor crystals [85].
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Figure 6. 2 Some of the common solution growth techniques. (a) Solvent evaporation
method. Evaporation of the solvent increases the concentration resulting in crystallization
(b) Temperature reduction method. Solution solubility decreases as temperature decreases.
(c) Vapor diffusion method. The solution becomes oversaturated by the diffusion of vapor
A into solvent B leading to crystallization. (d) Liquid-liquid diffusion method. Low
solubility solvent diffuses into the high solubility solvent to form a supersaturated solution
at the interface between the solvent layers causing the crystallization to happen.
Among the above-mentioned techniques, the solvent evaporation method is the
simplest and most effective when the solubility of the solute is high in the solvent. If the
container of the saturated solution is not covered too tightly, then the solvent can slowly
evaporate resulting in a supersaturated solution from which single crystals can eventually
be grown, see Figure (6.2a). One of the well-known solvent evaporation techniques is the
drop-casting method widely used to fabricate single crystalline films in field-effect
transistors. If the solubility of the solute is moderate in the solvent at room temperature but
greatly changes with temperature, the slow-cooling method is suitable (Figure (6.2b)). The
technique is based upon the fact that solubility of the solute decreases as the temperature
decreases, therefore starting with a saturated solution, slowly decreasing the temperature
brings the solution to a supersaturated state at which the crystallization can take place. The
vapor diffusion method utilizes two different solvents in the process, one with a low vapor
pressure in which the solute is highly soluble (A) and the other a volatile solvent that only
slightly dissolves the solute (B). A saturated solution is prepared from solvent A, then the
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container is placed in a larger sealed beaker which contains solvent B (Figure (6.2c)). Since
solvent B has high vapor pressure, it simply evaporates and the vapor diffuses into the
already saturated solution, resulting in supersaturation. The rate of the gas diffusion can be
altered by adjustment of the temperature. The liquid-liquid diffusion method basically
stems from the same idea, that supersaturation can be obtained by diffusion of the lowsolubility solvent into the high-solubility solvent at the interface layer between the two
solvents. In this case, crystals grow at the solvent interface (Figure (6.2d)) without
experiencing any stress from the substrates, therefore the crystals have typically highquality and are small (micrometer-sized).
Crystal growth techniques are not limited to the methods discussed above, and there
has been significant interest in the development of new techniques to grow desired crystals,
either in the form of bulk or crystalline films, more suitable for their proposed applications
[86- 89].

6.2

TIPS- pentacene crystal growth
We have grown single crystals of TIPS-pentacene from solution by employing the

temperature reduction method. The effects of using different solvents, ambient
temperatures, sizes of the solution container, and growth duration on the size of the crystals
were examined and the results are presented. In order to achieve large single crystals, it is
important to avoid too many nucleation sites. The slower the growth, the larger the crystals
tend to be. The growth process can be slowed down by choosing a solvent in which the
solute is dissolved well. TIPS-pentacene has good solubility in many organic solvents, with
the solvents that have the most negative Gibbs free energy of solution considered the best
solvents. The change in Gibbs free energy of the mixture is given by
Δ𝐺𝐺𝑚𝑚 = Δ𝐻𝐻𝑚𝑚 − 𝑇𝑇Δ𝑆𝑆𝑚𝑚

(6. 1)

in which 𝑇𝑇 is the temperature and Δ𝐻𝐻𝑚𝑚 and Δ𝑆𝑆𝑚𝑚 the enthalpy and entropy of the mixing,

respectively. Δ𝐻𝐻𝑚𝑚 depends on the difference in solubility parameters of the solvent (𝛿𝛿1 )

and the solute (𝛿𝛿2 ), the volume fractions (𝜙𝜙1 , 𝜙𝜙2 ) and the volume of the mixture (𝑉𝑉)
according to the following relation [90].
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(6. 2)

Δ𝐻𝐻𝑚𝑚 = (𝛿𝛿1 − 𝛿𝛿2 )2 𝜙𝜙1 𝜙𝜙2 𝑉𝑉 (𝑖𝑖 = 1, solvent; 𝑖𝑖 = 2, solute)

It can be concluded from Eq. (6.2) that the smaller the difference between the
solubility parameters of the solute and the solvent, the more negative Δ𝐺𝐺𝑚𝑚 would be, which

results in better solubility. Chen, et al [90] estimated the solubility parameter of TIPSpentacene (𝛿𝛿 = 18~ 19 MPa1/2 ); therefore, solvents with solubility parameter close to this

value are considered good solvents. The solubility parameters of the solvents used in our
study are presented in Table (6.2). Another factor that can affect the size of the crystals is

the boiling point of the solvent. Since growing large crystals of TIPS- pentacene takes time,
the evaporation rate of the solvent becomes important. Boiling point and evaporation rate
generally have an inverse relationship [91], that is, a solvent with a higher boiling point
has a lower evaporation rate which allows for a slower crystallization that typically yields
larger crystals. But note must be taken here that the boiling point cannot solely overcome
the effect of the solubility parameter, meaning that large crystals may not be obtained from
solvents with poor solubility regardless of their high boiling points. Table (6.2) presents
some of the characteristics of the solvents we used.
Table 6. 2 Solubility parameter and the boiling point of different solvents [90, 92].

Solvent

Chemical formula

Ethyl acetate
Acetone
Heptane
Octane
Hexane

𝐶𝐶4 𝐻𝐻8 𝑂𝑂2
𝐶𝐶3 𝐻𝐻6 𝑂𝑂
𝐶𝐶7 𝐻𝐻16
𝐶𝐶8 𝐻𝐻18
𝐶𝐶6 𝐻𝐻14

Boiling point
(℃)
77.1
56
98.42
125.6
68
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Solubility Parameter 𝜹𝜹
(𝐌𝐌𝐌𝐌𝐚𝐚𝟏𝟏/𝟐𝟐 )
18.2
19.6
15.3
15.5
14.9

6.2.1 Solution preparation

A solution with a proper concentration is prepared in a single neck round bottom
flask. It is important to mention that in order to grow large crystals, not all the TIPSpentacene is desired to come out of the solution because then the crystals tend to be small.
Therefore, the concentrations were chosen in a manner that around 60 -70% of TIPSpentacene comes out of the solution in the form of large crystals. Then the solution is heated
to the boiling point of the solvent. A sign that all the TIPS- pentacene is dissolved is when
the blue solution is drawn down by the solvent vapor on the walls of the flask without
leaving a residue. In the case of not observing the sign, more solvent is added to the solution
and the heating process is repeated until the sign is noticed. The flask is then sealed with a
glass stopper and is placed in a dark cabinet on a cork ring. The solutions are kept in the
dark room usually for 5-7 days and then the crystals are filtered out from the solution. In
some cases, the solution is kept in the refrigerator for one more day before filtration.
6.2.2 Results
Some of the crystals we have grown are shown in Figures (6.3) through (6.8). The
concentration of the solutions, growth duration and size of the solution container are
presented in Table (6.3). Also mentioned is whether the original TIPS-pentacene used to
prepare the solution was in the form of powder or single crystals. Among all the crystal
we’ve grown, the largest ones belong to the solutions prepared from ethyl acetate (see
Figure (6.3)). Ethyl acetate is a better solvent than the others in Table (6.2) because its
solubility parameter is close to that of TIPS-pentacene. In most of the cases, crystals grown
from TIPS-pentacene powder tend to be long and narrow (see Figure (6.4)), on the other
hand, if TIPS- pentacene crystals were used as the solute, crystals with a larger area may
be obtained. Although we were able to grow crystals with high-quality surfaces, smooth
and glossy, from ethyl acetate and hexane (see Figure (6.3) and Figure (6.6)), we could not
achieve large crystals of uniform thicknesses. However, uniform crystals with thickness
ranging from 50 − 200 𝜇𝜇𝜇𝜇 were grown, from Octane (see Figure (6.7d)).

For some solutions we used a smaller flask (10 ml), with the aim of having

molecules coming out of solution closer to each other to grow into a larger crystal;
however, none of the crystals grown in a 10 ml flask turned out to have high quality. Figure
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(6.7) shows a comparison between crystals obtained from the same solution but different
containers. Crystals grown in 10 ml flasks have more steps so less uniformity in their
thickness.
The effect of keeping the solution in a warmer environment was not clear but
keeping the container in a refrigerator or cold cabinet increases the rate of growth which
results in smaller needle-like crystals (Figure (6.6b)).

Figure 6. 3 Crystals grown from ethyl acetate solution. (a) and (b) were grown from
different solutions.
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Figure 6. 4 Crystals obtained from solutions prepared from TIPS-pn powder and ethyl
acetate. (a) was kept in a warm cabinet. (b) and (c) were kept at room temperature. (d) The
small 10 ml flask was used.
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Figure 6. 5 Crystals grown from heptane solution.
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Figure 6. 6 Crystals grown from hexane solution. (a) The solution is prepared from TIPSpn crystals and was kept at room temperature. (b) The concentration of the solution is higher
than (a) and the solution was kept only in a refrigerator.
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Figure 6. 7 Crystals grown from octane solution. All four solutions were kept in a warm
cabinet. (b) and (c) were grown from the same solution but (b) was kept in the small 10 ml
flask and a 50 ml flask was used for (c). The effect of using the small 10 ml container is
apparent in the comparison of the crystals obtained from (b) and (c). (d) Thin crystals with
a smooth surface and uniform thickness were grown from a solution prepared from TIPSpn powder in a 50 ml flask and kept in a warm cabinet. No crystals came out of the same
solution when a 10 ml flask was used.
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Table 6. 3 Summarized features of the solution and time period used to grow TIPSpentacene crystals from different solvents.

Ethyl
acetate

Heptane

Hexane

CONC

Flask size

(𝒘𝒘𝒘𝒘. %)
0.41

(𝒎𝒎𝒎𝒎)

Growth time

Initial TIPS-pn

Crystal

50

7 days

crystal

Fig (6. 3 a)

0.39

50

7 days

crystal

Fig (6. 3 b)

0.42

100

powder

Fig (6. 4 a)

0.41

50

𝑇𝑇 ~ 28 ℃
7 days

powder

Fig (6. 4 b)

0.42

50

7 days

powder

Fig (6. 4 c)

0.41

10

7 days

powder

Fig (6. 4 d)

1.62

50

powder

Fig (6. 5 a)

1.33

25

7 days

crystal+ powder

Fig (6. 5 b)

1.31

50

7 days

crystal

Fig (6. 5 c)

0.63

25

7 days

crystal

Fig (6. 6 a)

1.5

50

powder+ crystal

Fig (6. 6 b)

1.17

50

crystal

Fig (6. 7 a)

1.18
Octane

10
50
10

1.18
50

Acetone

0.19

100

4 days

6 days+ 1day in
fridge

2 days
in fridge
4 days
𝑇𝑇 ~ 30 ℃
4 days

𝑇𝑇 ~ 30 ℃
3 days

𝑇𝑇 ~ 30 ℃
4 days

𝑇𝑇 ~ 30 ℃
7 days

crystal

Fig (6. 7 b)
Fig (6. 7 c)

crystal

No crystal

crystal

Fig (6. 7 d)
A lot of

powder

needle-like
crystals
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CHAPTER 7. CONCLUSION
The main thrust of this dissertation was to develop new probes to measure thermal
conductivities, 𝜅𝜅, of small materials, thin films and fibers of organic semiconductors, both
to screen these for possible applications and to gain an understanding of thermal transport
in molecular solids. Since all of these materials form layered crystals, separate techniques

were used for in-plane and transverse thermal conductivities. As discussed in chapter 2, we
have developed a modified frequency-dependent photothermal technique, in which the
sample is placed directly in front of an MCT detector in the detector dewar, to measure the
transverse thermal diffusivity ( 𝐷𝐷 ) of small samples. The simplified geometry of the
technique allows samples with areas as small as 6 𝑚𝑚𝑚𝑚2 and thickness of 10 𝜇𝜇𝜇𝜇 −

500 𝜇𝜇𝜇𝜇 to be measured. For in-plane measurements, we used the position-dependent ac-

calorimetric technique first developed by Hatta, et al. In this technique, long, thin samples
are illuminated with light chopped at a low frequency along part of their length and the
temperature oscillations on the opposite surface measured with a thermocouple. The inplane thermal diffusivity is found from the position dependence of the oscillating
temperature. Both techniques provide the thermal diffusivity of the materials being
measured; however, the thermal conductivity can be obtained by the relation 𝜅𝜅 = 𝜌𝜌𝜌𝜌𝜌𝜌, in

which 𝜌𝜌 and 𝑐𝑐 are the density and specific heat respectively. Measurements of the
longitudinal (fiber axis) thermal conductivity of fiber samples required the self-heating

method presented in chapter 3. In short, the resistance of the fibers, mounted in a four-

probe configuration, was measured as a function of applied current. If heat exchange by
thermal radiation is negligible, thermal conductivity can be obtained from the
measurements of the temperature dependence and the current dependence of the resistance,
𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 and 𝑑𝑑𝑑𝑑/𝑑𝑑𝐼𝐼 2 respectively.

We mainly focused on two materials; PEDOT:PSS and TIPS-pentacene. Results

for free-standing PEDOT:PSS films treated with sulfuric acid indicates 𝜅𝜅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =

(0.27 ± 0.06) 𝑊𝑊/𝑚𝑚𝑚𝑚 at room temperature. The effect of PSS content on the thermal

conductivity of PEDOT:PSS films was also investigated by conducting measurements on
different compositions of PEDOT:PSS with the ratio between PEDOT and PSS varies from

2.5 to 10. While the variations in the transverse thermal conductivity of the films with
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different PSS loads did not seem to follow any trends ( 𝜅𝜅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ≈ (0.19 ±
0.05) 𝑊𝑊/𝑚𝑚. 𝐾𝐾) , the in-plane values decrease with increasing the PSS loads from

1.06 𝑊𝑊/𝑚𝑚. 𝐾𝐾 to 0.37 𝑊𝑊/𝑚𝑚. 𝐾𝐾 for the [PSS]/[PEDOT] ratios of 2.5 and 10 respectively.

We have also conducted measurements on stretched fibers of PEDOT:PSS. To induce
preferential orientation of the polymer chains in the fiber axis direction, fibers are drawn
in a dimethyl sulfoxide bath during the fabrication process. High thermal conductivities,
approximately 4 − 5 𝑊𝑊/𝑚𝑚. 𝐾𝐾, were observed at liquid nitrogen temperature. Results for

the interlayer (c direction) thermal conductivity of TIPS-pentacene samples were also
presented as 𝜅𝜅𝑐𝑐 = 0.17 𝑊𝑊/𝑚𝑚. 𝐾𝐾.

An interesting point is that for all the materials we investigated, the measured

thermal conductivity was at least a few times larger than the minimum calculated value
based on kinetic theory, indicating mean-free-paths of a few to several lattice constants (or
monomer units). For the fibers, the thermal conductivities were many times larger,
indicating extremely long mean-free-paths if due to phonons, although we have not yet
ruled out an anomalous electronic contribution. This work is still in progress.
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APPENDIX : INTEGRAL OF THERMAL RADIATION

𝑑𝑑

𝑓𝑓𝑉𝑉𝑎𝑎𝑎𝑎 = −𝐴𝐴 � 𝑑𝑑𝑑𝑑 𝛽𝛽
0

𝑒𝑒 −𝛼𝛼𝛼𝛼 𝜒𝜒 𝜗𝜗(𝑧𝑧)
+ Ψ �
𝛼𝛼𝛼𝛼
𝜒𝜒 2
�1 − 2𝑖𝑖 � � �
𝛼𝛼𝛼𝛼

𝑒𝑒 −𝛽𝛽(𝑑𝑑−𝑧𝑧) 𝜒𝜒 �−

𝜗𝜗(𝑧𝑧) ≡ {[𝑐𝑐𝑐𝑐𝑐𝑐ℎ 𝜒𝜒𝑑𝑑𝑑𝑑 cos 𝜒𝜒𝑑𝑑𝑑𝑑 + 𝑖𝑖 sinh 𝜒𝜒𝑑𝑑𝑑𝑑 sin 𝜒𝜒𝑑𝑑𝑑𝑑 ]
− 𝑒𝑒 𝛼𝛼𝛼𝛼 [cosh 𝜒𝜒𝑧𝑧 cos 𝜒𝜒𝑧𝑧 + 𝑖𝑖 sinh 𝜒𝜒𝑧𝑧 sin 𝜒𝜒𝑧𝑧 ]}

(A.1)

Ψ = (1 + 𝑖𝑖)[𝑆𝑆𝑆𝑆𝑆𝑆ℎ 𝜒𝜒 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑖𝑖 (𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝜒𝜒 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆)],
𝑧𝑧
𝜒𝜒𝑧𝑧 = 𝜒𝜒 � �
𝑑𝑑
𝜒𝜒𝑑𝑑𝑑𝑑 = 𝜒𝜒 − 𝜒𝜒𝑧𝑧

𝑓𝑓𝑉𝑉𝑎𝑎𝑎𝑎 = −𝐴𝐴 �𝛼𝛼𝛼𝛼𝛼𝛼𝜒𝜒 𝑒𝑒 −𝑑𝑑(𝛼𝛼 +𝛽𝛽) �

Δ+Μ+Ν+Π+Λ
��
Ω

Μ = 𝐶𝐶𝐶𝐶𝐶𝐶(𝜒𝜒) Sinh(𝜒𝜒) {(2 − 2𝑖𝑖)𝜒𝜒 3 (𝑒𝑒 𝛼𝛼𝛼𝛼 − e𝛽𝛽𝛽𝛽 )
+ (1 + 𝑖𝑖)[𝛼𝛼 2 𝑑𝑑2 𝜒𝜒 (𝑒𝑒 (𝛼𝛼𝛼𝛼) − 𝑒𝑒 (𝛽𝛽𝛽𝛽) ) + 𝛽𝛽 2 𝑑𝑑2 𝜒𝜒(𝑒𝑒 𝛼𝛼𝛼𝛼
− 𝑒𝑒 𝛽𝛽𝛽𝛽 ) − 𝛼𝛼𝛼𝛼𝑑𝑑 2 𝜒𝜒(𝑒𝑒 𝛼𝛼𝛼𝛼 − 𝑒𝑒 𝛽𝛽𝛽𝛽 )]}

Ν = Cosh(𝜒𝜒) 𝑆𝑆𝑆𝑆𝑆𝑆(𝜒𝜒){𝜒𝜒 3 �𝑒𝑒 𝛼𝛼𝛼𝛼 − 𝑒𝑒 𝛽𝛽𝛽𝛽 �(2 + 2𝑖𝑖) + (−𝛼𝛼 2 𝑑𝑑 2 𝜒𝜒(𝑒𝑒 (𝛼𝛼𝛼𝛼)
− 𝑒𝑒 (𝛽𝛽𝛽𝛽) ) − 𝛽𝛽 2 𝑑𝑑 2 𝜒𝜒(𝑒𝑒 𝛼𝛼𝛼𝛼 − 𝑒𝑒 𝛽𝛽𝛽𝛽 ) + 𝛼𝛼𝛼𝛼𝑑𝑑2 𝜒𝜒(𝑒𝑒 𝛼𝛼𝛼𝛼
− 𝑒𝑒 𝛽𝛽𝛽𝛽 ))(1 − 𝑖𝑖)}
Π = 𝐶𝐶𝐶𝐶𝐶𝐶(𝜒𝜒)𝐶𝐶𝐶𝐶𝐶𝐶ℎ(𝜒𝜒){−𝛼𝛼𝛽𝛽 2 𝑑𝑑 3 (𝑒𝑒 𝛼𝛼𝛼𝛼 + 𝑒𝑒 (𝛽𝛽𝛽𝛽) ) + 𝛼𝛼 2 𝛽𝛽𝑑𝑑3 (𝑒𝑒 (𝛽𝛽𝛽𝛽)
+ 𝑒𝑒 (𝛼𝛼𝛼𝛼) )}

Λ = 𝑆𝑆𝑆𝑆𝑆𝑆(𝜒𝜒) 𝑆𝑆𝑆𝑆𝑆𝑆ℎ(𝜒𝜒)(𝑖𝑖){−𝛼𝛼𝛽𝛽 2 𝑑𝑑3 (𝑒𝑒 (𝛼𝛼𝛼𝛼) + 𝑒𝑒 (𝛽𝛽𝛽𝛽) ) + 𝛼𝛼 2 𝛽𝛽𝑑𝑑 3 (𝑒𝑒 (𝛼𝛼𝛼𝛼)
+ 𝑒𝑒 (𝛽𝛽𝛽𝛽) )}
Δ = 𝛼𝛼𝛽𝛽 2 𝑑𝑑 3 (1 + 𝑒𝑒 𝑑𝑑(𝛼𝛼 +𝛽𝛽) ) − 𝛼𝛼 2 𝛽𝛽𝑑𝑑3 (1 + 𝑒𝑒 𝑑𝑑(𝛼𝛼 +𝛽𝛽) )

Ω = �(−𝛼𝛼 2 𝑑𝑑 2 + 𝜒𝜒 2 2𝑖𝑖)�− 𝛽𝛽 2 𝑑𝑑2 (1 − 𝑖𝑖) + 𝜒𝜒 2 (2 + 2𝑖𝑖)�(𝛼𝛼
− 𝛽𝛽)�−𝑖𝑖 𝐶𝐶𝐶𝐶𝐶𝐶(𝜒𝜒)𝑆𝑆𝑆𝑆𝑆𝑆ℎ(𝜒𝜒) + 𝐶𝐶𝐶𝐶𝐶𝐶ℎ(𝜒𝜒)𝑆𝑆𝑆𝑆𝑆𝑆(𝜒𝜒)��
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(A.2)

𝑓𝑓𝑉𝑉𝑎𝑎𝑎𝑎 = −𝐴𝐴 �𝛼𝛼𝛼𝛼𝛼𝛼𝜒𝜒 𝑒𝑒 −𝑑𝑑(𝛼𝛼 +𝛽𝛽) �𝛼𝛼𝛽𝛽 2 𝑑𝑑3 − 𝛼𝛼 2 𝛽𝛽𝑑𝑑3 + 𝜒𝜒 3 e𝛼𝛼𝛼𝛼 𝐶𝐶𝐶𝐶𝐶𝐶(𝜒𝜒) Sinh(𝜒𝜒) (2 − 2𝑖𝑖)

+ 𝜒𝜒 3 𝑒𝑒 𝛼𝛼𝛼𝛼 Cosh(𝜒𝜒) 𝑆𝑆𝑆𝑆𝑆𝑆(𝜒𝜒)(2 + 2𝑖𝑖) − 𝜒𝜒 3 e𝛽𝛽𝛽𝛽 𝐶𝐶𝐶𝐶𝐶𝐶(𝜒𝜒)𝑆𝑆inh(χ)(2 − 2𝑖𝑖)
− 𝜒𝜒 3 𝑒𝑒 𝛽𝛽𝛽𝛽 Cosh(𝜒𝜒) Sin(χ)(2 + 2𝑖𝑖) + 𝛼𝛼𝛽𝛽 2 𝑑𝑑3 𝑒𝑒 𝑑𝑑(𝛼𝛼 +𝛽𝛽) − 𝛼𝛼 2 𝛽𝛽𝑑𝑑3 𝑒𝑒 𝑑𝑑(𝛼𝛼 +𝛽𝛽)
− 𝛼𝛼𝛽𝛽 2 𝑑𝑑3 𝑒𝑒 𝛼𝛼𝛼𝛼 𝐶𝐶𝐶𝐶𝐶𝐶(𝜒𝜒)𝐶𝐶𝐶𝐶𝐶𝐶ℎ(𝜒𝜒) + 𝛼𝛼 2 𝛽𝛽𝑑𝑑3 𝑒𝑒 (𝛼𝛼𝛼𝛼) 𝐶𝐶𝐶𝐶𝐶𝐶(𝜒𝜒)𝐶𝐶𝐶𝐶𝐶𝐶ℎ(𝜒𝜒)
− 𝛼𝛼𝛽𝛽 2 𝑑𝑑3 𝑒𝑒 (𝛽𝛽𝛽𝛽) 𝐶𝐶𝐶𝐶𝐶𝐶(𝜒𝜒)𝐶𝐶𝐶𝐶𝐶𝐶ℎ(𝜒𝜒 ) + 𝛼𝛼 2 𝛽𝛽𝑑𝑑3 𝑒𝑒 (𝛽𝛽𝛽𝛽) 𝐶𝐶𝐶𝐶𝐶𝐶(𝜒𝜒)𝐶𝐶𝐶𝐶𝐶𝐶ℎ(𝜒𝜒)
− 𝛼𝛼𝛽𝛽 2 𝑑𝑑3 𝑒𝑒 (𝛼𝛼𝛼𝛼) 𝑆𝑆𝑆𝑆𝑆𝑆(𝜒𝜒) 𝑆𝑆𝑆𝑆𝑆𝑆ℎ(𝜒𝜒)𝑖𝑖 + 𝛼𝛼 2 𝛽𝛽𝑑𝑑3 𝑒𝑒 (𝛼𝛼𝛼𝛼) 𝑆𝑆𝑆𝑆𝑆𝑆(𝜒𝜒)𝑆𝑆𝑆𝑆𝑆𝑆ℎ(𝜒𝜒)𝑖𝑖
− 𝛼𝛼𝛽𝛽 2 𝑑𝑑3 𝑒𝑒 (𝛽𝛽𝛽𝛽) 𝑆𝑆𝑆𝑆𝑆𝑆(𝜒𝜒)𝑆𝑆𝑆𝑆𝑆𝑆ℎ(𝜒𝜒)𝑖𝑖 + 𝛼𝛼 2 𝛽𝛽𝑑𝑑3 𝑒𝑒 (𝛽𝛽𝛽𝛽) 𝑆𝑆𝑆𝑆𝑆𝑆(𝜒𝜒)𝑆𝑆𝑆𝑆𝑆𝑆ℎ(𝜒𝜒)𝑖𝑖
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